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EXECUTIVE SUMMARY 

A hybrid experimental-numerical investigation was undertaken to establish a practical crack 
kinking criterion in the presence or absence of multiple site damage (MSD) in a pressurized 
airplane fuselage. Ramulu-Kobayashi crack kinking criteria were modified to predict self-similar 
crack propagation along a line of MSD and subsequent kinking near a tear strap. Instrumented 
biaxial test specimens and small-scale fuselage rupture experiments were conducted to generate 
the crack kinking and crack velocity data which were then input to a large deformation, elasto- 
dynamic, finite element model of the fracture specimen. The computed Mixed-Modes I and II 
stress intensity factors and a large axial stress preceding the propagating crack were used to 
evaluate the self-similar crack extension and the crack kinking criterion along the crack 
trajectory. Excellent agreement was obtained between the predicted and measured crack kinking 
angles and locations. Additional verification was made through the match between the computed 
and measured strain gage data. 

The biaxial specimen tests showed that in spite of the presence of Kn and the large axial stress 
ahead of the propagating crack, axial crack extension would continue in the axial direction if the 
skin is weakened by MSD. The crack propagated through the tear strap in the presence of a 
continuous MSD and kinked when the MSD terminated at the tear strap. However, if there is a 
short secondary crack under the tear strap, the lead crack kinked at the long groove end but 
reconnected to the secondary crack. 

The small-scale fuselage rupture tests showed that the pre-existing axial through crack along the 
stringer immediately kinked upon propagation due to the Mixed-Modes I and II state caused by 
the one-sided opening of the crack flap. The diagonally running crack subsequently turned 
circumferentially along the tear straps or the two cylinder ends. Again, the experimental results 
were used to execute an elasto-dynamic finite element analysis to verify crack kinking and self- 
similar crack extension in the presence of the mixed-mode state along the stringer and final crack 
curving at the tear strap. 

xiii/xiv 



INTRODUCTION 

AGING AIRPLANE ACCIDENT. 

On April 28,1988, the fuselage of a Boeing 737 on Aloha Airlines Flight 243 came apart where 
overlapping skin panels had been joined (figure 1) [1]. The accident on the Aloha aircraft, which 
had been subject to a severe operating environment over its 19-year life, made aging airplanes a 
national issue. Despite this and other isolated incidents, commercial airplanes are extremely 
safe. U.S. statistics show that the risk of a fatal accident is one in one million flights. A 
combination of factors caused the catastrophic failure of Aloha Flight 243: tear strap debonding 
due to corrosion and multiple site damage (MSD) along the skin lap splice due to fatigue. 
Economics and market conditions have resulted in the use of commercial airplanes beyond their 
original economic design life of 15 to 20 years; the average age of the 4,100 U.S. commercial 
transports is 10.5 years [2]. As more airplanes exceed their economic design life and as the 
length of time by which they exceed this life becomes greater, fatigue cracks and corrosion may 
become more widespread. 

Swift [3] postulated that widespread fatigue damage (WFD) is of great concern because the 
residual strength of a structure with a lead crack might be significantly reduced by the presence 
of adjacent smaller cracks. According to Boeing reports [2,4, 5], there are two distinct types of 
WFD. One is called MSD, meaning the simultaneous presence of fatigue cracks in the same 
structural elements. The other is called multiple element damage (MED), the simultaneous 
presence of fatigue cracks in adjacent structural elements. Because it is difficult to detect such 
cracks when they are small before they link together, coalescence of WFD is a potential cause of 
catastrophic failure. Goranson [5] has noted that the emphasis on residual strength verification 
has gradually shifted in recent years from wing structures to fuselage pressure shells. A fuselage 
structure is typically more susceptible to WFD because it has numerous similar components 
subjected to pressure load cycles together with flight loads [5]. 

AIRPLANE FUSELAGE STRUCTURE. 

The modern airplane structure must satisfy demanding safety requirements. The following is a 
description of the basic structure of the airplane fuselage and the evolution of pertinent safety 
standards. 

STRUCTURAL CONCEPTS OF THE AIRPLANE FUSELAGE. The fuselage of a modern 
airplane is commonly referred to as semimonocoque structure and consists of a thin-skinned shell 
stiffened by reinforcements. These reinforcements are longitudinal elements (longerons and 
stringers) and transverse elements (frames and bulkheads). The fuselage skin carries the in-plane 
shear and tension loads caused by the cabin pressure and the applied external transverse and 
torsional loads. The skin must be stiffened by surrounding reinforcements to withstand 
compression loads, out-of-plane transverse shear loads, and bending moment loads. In addition 
to stabilizing the external skin, stringers also carry axial loads induced by the bending moment. 
The main purposes of frames are to maintain the shape of the fuselage and to reduce the effective 
column length of the stringers in order to prevent general instability of the structure. A semi- 
monocoque structure is very efficient and has a high strength-to-weight ratio and design 
flexibility. Furthermore, it is one of the structures best able to withstand local failure through 
load redistribution, thereby preventing total catastrophic failure [6]. 

Loads affecting fuselage design can result from flight maneuvers, landing, or ground handling 
conditions. Of these, fuselage pressurization is one of the important structural loading 
conditions. It induces hoop and axial stresses in the fuselage that are combined with flight and 
ground loading conditions. 



DESIGN PHILOSOPHY. It has been known since the 1930s that aluminum, which is used in 
more than 80 percent of the structure of commercial airplanes, is susceptible to fatigue problems. 
Damage caused by fatigue is difficult to detect and reduces the strength of critical members. In 
the 1950s, airplane structures were required to demonstrate a satisfactory fatigue strength in 
addition to the static ultimate design strength. The original fatigue design philosophy was the 
safe-life concept, in which components must remain crack free during service life. Safe life must 
include a margin for the scatter of fatigue results and for other unknown factors. 

Current fatigue design methods have increased the fatigue life of airplanes through accurate 
stress analysis based on the finite element method, through life predictions based on fracture 
mechanics and fatigue crack propagation analysis, and through computer-controlled testing 
methods. In spite of these improvements in design, testing, and inspection methods, fatigue 
failures still occur. As a result of the possible existence of minor production deficiencies and 
severe operating environment, it must be assumed that cracks will occur long before the service 
life of the airplane is expended. Thus, safety demands a structural design that can withstand an 
appreciable load even in the presence of cracks or failed parts [7]. However, safe-life design 
philosophy does not take into consideration initial and accidental defects in the fatigue life 
estimation analysis. Fatigue analyses which include consideration of inherent material scatter 
characteristics often result in overly conservative and uneconomical designs [5]. Since safety 
requirements based only on fatigue strength were inadequate, more advanced safety requirements 
have been developed to design a structure which has a high degree of structural reliability and 
safety during the intended service life of the structure. 

Fail-Safe Design Philosophy. By the late 1950s, a fail-safe design philosophy was added 
to the safe-life design philosophy. The basic requirements of the fail-safe philosophy is that a 
failure or obvious partial failure of any single main structural element shall not cause the loss of 
the airplane while in flight 

The fail-safe design criterion for most commercial airplanes requires that the fuselage be 
able to withstand a two-frame bay crack (40 inches for the B-737) without suffering catastrophic 
failure. This criterion was derived from an estimate of the maximum external damage expected 
to occur to the fuselage as a result of external damage that might occur from the penetration of 
projectiles produced by an uncontained engine disintegration [1,5]. It must be shown that a 
flight can be safely completed after such damage has occurred. Initially, however, there was no 
consideration given to the joining of adjacent cracks that might develop during extended service. 

Damage Tolerant Design Philosophy. Since 1956, it has been common practice for civil 
aviation authorities to demand that a designer show that his design will meet the fail-safe 
requirements when cracks arise during the operational life of the airplane. Later, by 
incorporating inspection, a more effective design philosophy of damage tolerance was 
developed. This involves the discovery and repair of damage before the crack reaches a 
catastrophic length. In December 1978, U.S. federal regulations for the design of commercial 
transport aircraft structures were revised to incorporate damage tolerant design. Table 1 shows a 
comparison of the old and new Federal Aviation Regulations (FAR) requirements [4, 8]. 

One of the significant differences between the old and new regulations is that under the 
new regulations initial damage has to be assumed to be already at multiple sites. These cracks 
are assumed to propagate independently during the operational use of the aircraft [4, 8]. 

Damage tolerance philosophy is a refinement of fail-safe design. As shown in table 1, the 
damage tolerance philosophy is made up of three fundamental elements: a residual strength 
analysis, a crack propagation analysis, and the establishment of an inspection and maintenance 
program. To insure that fatigue or corrosion cracks are detected before they reach the fail-safe 
damage limits, inspection intervals based on previous service experience, crack growth histories 



obtained from analysis or tests, or a combination of these must be established. Aircraft structures 
must now be designed to be damage tolerant unless it can be shown that such design is 
impractical [4]. 

DESIGN DETAILS. The stiffened skin is the most critical structure because it carries all 
primary loads resulting from fuselage bending, shear, torsion, and cabin pressure. Although the 
skin panels are as large as possible to reduce the number of splices, which are one of the most 
critical parts, the size of skin panels is limited by manufacturing realities. For example, the 
forward fuselage of Boeing 737 has nine axial skin splices. Typically, single lap splices, which 
is the lightest design, are used for the axial skin splices. 

The minimum gage of the fuselage shell is determined primarily by the fatigue strength of a skin 
lap splice. Much of the fuselage is at a minimum gage in the forward section. The upper crown 
of a fuselage structure is primarily designed for nosedown bending tension loads with internal 
pressure. The lower lobe is designed for smaller negative bending compression loads. 
Therefore, the upper lobe is fatigue critical in tension loading and the lower lobe becomes critical 
under ultimate compression loading. If a fatigue crack developed in one of these members and 
the crack is not easily inspectable externally because of an obstructed view, it could rapidly 
propagate to failure. 

Swift [9] indicated that a fuselage structure should be designed to sustain the damage shown in 
figure 2 for the limit load condition. From the standpoint of damage tolerant design, there are 
two types of damage to be considered related to crack propagation and residual strength of a 
pressurized fuselage structure. These are longitudinal cracks subjected to high hoop stresses 
caused by internal pressurization and circumferential cracks due to vertical bending of the 
fuselage. The possibility of circumferential crack propagation at the top on the crown is fairly 
low since the butt splice—which is less susceptible to WFD than the lap splice—is normally 
used for circumferential skin splices. 

In aircraft structures, fatigue cracking is primarily found in the upper row of rivet holes in the 
outer skin panel lap joint (figure 3). This is due to the higher transfer load through the rivets in 
this area where the highest tension load occurs at the knifed edge of the countersunk fastener 
holes. For the inner skin of the lap joint, the area of the highest stress is along the lower row of 
lap joint rivet holes. However, since the rivet holes in this skin panel are not countersunk, 
fatigue cracking is not as likely to initiate here [1]. 

Tear straps are located at or between each frame station. Early in the Boeing 737 program (up to 
line No. 291), cold bonding, in which surfaces are mated with adhesive at room temperature, was 
used to bond skin to skin and tear strap to skin. Later, bonds formed by cold bonding were found 
to weaken in a moist environment. This process was subsequently replaced by hot bonding using 
autoclaves, which eliminated the moisture and distributed the adhesive more uniformly [1]. 

The role of a tear strap in an airplane is to arrest a crack that is propagating axially either 
subcritically under fatigue loading or dynamically after reaching criticality. Such crack arrest 
can result from lower stresses due to the reinforcing effect of the tear strap or by crack kinking 
due to the complex crack-tip stress field generated by the crack flap and the tear strap. This 
flapping and crack kinking provide controlled damage and decompression and improve the 
damage tolerance of the pressurized fuselage. Thus, it is very important to ensure crack 
diversion by redirecting the crack into the hoop direction from the longitudinal direction that 
gives rise to skin flapping and contained decompression of the fuselage. 

According to Aviation Week (July 25, 1988), there were at least two cases before the Aloha 
accident in which the flapping theory did not hold true: the Far Eastern Air Transport (FEAT) 
Boeing 737 accident in 1981 and the Japan Air Lines Boeing 747 accident in 1985. The FEAT 



airplane had been weakened by extreme corrosion while the cause of the JAL accident was the 
collapse of the aft pressure bulkhead, which resulted from a series of human errors. 

The Aloha Airlines incident shows that the fail-safe concept is not always effective in preventing 
a catastrophic failure due to unexpected conditions, such as widespread corrosion fatigue cracks 
at rivet holes in the fuselage skin (figure 3) and debonded tear straps. As mentioned before, this 
incident revealed that the crack arrest capability of the tear strap can be compromised by the 
presence of the MSD and which is especially dangerous because MSD is difficult to detect under 
real-life conditions. Therefore, Goranson [5] suggested that a special failure criterion and 
detection parameters are necessary for estimating the residual strength and crack propagation rate 
of a damaged structure with short secondary cracks near a larger primary crack. 

Although the tear strap is the last defense of an axially rupturing fuselage, little is known about 
its effectiveness in arresting a rapidly propagating axial crack. Much of its design is based on 
rules derived from sub- and full-scale testing of pressurized fuselages. Research on dynamic 
crack propagation is also important to prevent catastrophic failure, a fundamental safety 
requirement in the fail-safe design philosophy, when the principle of damage tolerance is 
violated due to unexpected human errors in design, manufacturing, maintenance, or inspection. 

SCOPE. 

The purpose of this research was to develop a practical crack kinking and arrest criteria for a 
pressurized airplane fuselage using a hybrid experimental-numerical technique. A literature 
survey on previous fracture mechanics studies related to this subject is presented in the Literature 
Review section. Specific objectives of this research are documented in the Objectives section 
and the research method is described in the Method of Approach section. The Theoretical 
Analysis section explains the theoretical basis of a crack kinking criteria. The Experimental 
Analysis and Numerical Analysis sections describe the experimental procedures and numerical 
methods used, respectively. The Results and Discussion section contains the results and 
discussion of a biaxial test and a small-scale fuselage rupture test, respectively. The Concluding 
Remarks section offers conclusions from these findings. 

LITERATURE REVIEW 

As mentioned previously, the main purpose of a crack arrester (tear strap) in a pressurized 
fuselage is not only to limit a rapidly propagating axial crack to one or two bays of the fuselage 
but also to deflect it in the circumferential direction. The design of such crack arresters requires 
knowledge of crack driving force(s) and crack arrest and kinking conditions in addition to an 
understanding of the fuselage structure and its loading conditions. Existing literature related to 
this subject deals primarily with axial crack propagation in pressurized cylinders and dynamic 
crack curving and branching. The following is a review of the available papers on these subjects 
as well as on crack arrest in the airplane fuselage. 

AXIAL CRACK PROPAGATION IN A PRESSURIZED CYLINDER. 

As mentioned previously, longitudinal cracks along the skin lap splice are more dangerous than 
circumferential cracks due to the possibility of WFD along the longitudinal lap splice. 
Furthermore, in curved shells subjected to internal pressure, longitudinal crack tips are more 
affected by bulging than circumferential crack tips [10]. This bulging causes local bending at the 
crack tip, which increases the effective crack-tip stress intensity factor [11]. 

The fracture strength of cracked pressurized cylinders is substantially less than that of 
corresponding flat tension specimens. This strength reduction is due to the increase in the crack- 
tip stress intensity caused by bulging near the crack.  Peters and Kuhn [12] investigated the 



bursting strength of 2024-T3 and 7075-T6 aluminum alloy, unstiffened cylinders which 
contained slits simulating cracks. They concluded that the bursting strength was substantially 
reduced by increasing the slit length and increasing the curvature. Although cylinders 
pressurized with air failed at approximately the same hoop tensile stress as those pressurized with 
oil, the failure modes between air and oil tests were quite different. The cylinder tested with air 
split open from one end dome to another, and the sheet was torn away from the end domes for a 
considerable distance around the perimeter. The fracture mode in cylinders tested with oil was 
simply a self-similar extension of the original slit at each end (figure 4). 

Anderson and Sullivan [13] derived the stress intensity factor and related the circumferential 
stress at fracture to the crack length, cylinder radius, material fracture toughness, yield strength, 
and an empirical bulge coefficient. The good agreement between the derived equation for 
fracture strength and the experimental data [12] suggested that the strength of a cylindrical 
pressure vessel with a longitudinal through crack is related to the geometry of the cylinder, the 
crack length, the material yield strength, and the fracture toughness. 

Linear elastic fracture mechanics (LEFM) has been used to predict the stress intensity factor of 
an axial crack in a pressurized cylinder [14, 15]. The stress intensity factor for a through-the- 
thickness axial crack of length 2a in a cylindrical vessel was derived theoretically by Folias [10, 
14] as 
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where R is the radius of the vessel or pipe, t is the wall thickness, and p is the internal pressure. 
MF is a stress intensity magnification factor which accounts for the outward bulging of the crack 
edges due to the internal pressure. 

Hahn et al. [16] obtained the following empirical hyperbolic-tangent modification of the Folias' 
equation. Hahn's modified equation contains a plasticity correction factor, which was derived 
from the Dugdale crack model: 
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where 93 is the plastic correction factor. 

Equation 2, which does not involve any additional unknown parameters, is appropriate to predict 
the bursting pressure for a vessel in which the wall radius-to-thickness ratio is more than 50. 
Hahn's empirical adjustment to Folias' correction factor provided a good approximation for short 
axial cracks in a pressurized cylinder. 

The mechanisms and parameters that control the direction of crack growth in thin pressurized 
cylinders under different loading conditions, such as quasi-static pressure conditions, explosive 
loading, and fatigue loading were determined by Fyfe and Sethi [17]. In their fatigue crack 
growth study using an idealized model of a stringer-reinforced fuselage, the axial stretching due 
to the resultant one-sided crack flap generated axial tensile stresses along the cracked upper skin 
and imposed a Mode II stress intensity factor, KJJ. Their study showed that the bulging 
configuration gave rise to conditions in which a crack growth could be unstable. 



CRACK ARREST AND KINKTNG CRITERION. 

Sampath and Broek [18] indicate that fractures occur in the upper skin with the lower skin 
attached to the stringer. Under this condition, axial stretching due to the resultant one-sided 
crack flap generates axial tensile stresses along the cracked upper skin and imposes a Mode II 
state at the crack tip. 

CRACK KINKING CRITERION UNDER MIXED-MODE LOADING. According to current 
theory on elasto-static fracture under mixed-mode loading, crack extension and fracture criteria 
under combined tension and shear loading are based on either the maximum energy released or 
the maximum circumferential stress criterion. The mixed-mode crack extension criterion 
developed by Erdogan and Sih [19] is commonly referred to as the maximum principal stress 
criterion (itf = 0). 

Cotterell and Rice [20] modified the maximum circumferential stress theory by incorporating a 
second-order term, aox, to predict the curving direction of a slightly curved crack. Depending on 
the test conditions and the shape of the fractured specimens, the theoretically predicted angle 
could deviate from the experimentally measured fracture angle when the second-order term was 
neglected [21, 22]. 

Ramulu and Kobayashi [23, 24] incorporated a second-order term of oox in the dynamic crack- 
tip stress field and then derived the dynamic counterpart of the crack stability model. This 
derivation was based on the maximum circumferential stress criterion as well as the minimum 
strain energy density criterion. The factor oox was found to influence significantly the kinking 
angle of a running crack. 

Although these two concepts, the maximum principal stress (T^ = 0) and the maximum 
circumferential stress theories (dcQQ/dd = 0), may be physically similar, they represent two 
different ideas. In the maximum circumferential stress model, 099 may not be the principal 
stress because the condition x^ is not always satisfied. That is, the maximum values of 099 and 
an (larger principal stress) are different in the presence of the second-order term as shown in 
figure 5 [25]. Without the second-order term, however, they yield identical results. 

As for the energy approach, Hussain et al. [26], Palaniswamy and Knauss [27], Gupta [28], Wu 
[29], and Nemat-Nasser et al. [30, 31] predicted the direction of a kinked crack based on the rate 
of energy release at maximum strain. Sih [32], on the other hand, proposed a fracture theory for 
the problem of mixed-mode crack extension based on the local strain energy density. The basic 
assumption of this minimum strain density criterion is that the crack will propagate in the 
direction where the strain energy density, S, is at a minimum. Later, Theocans and 
Andrianopoulos [33] modified the S-theory by designating its mean value, Sm, as the critical 
quantity for crack initiation under the mixed-mode loading condition. 

Swenson and Ingraffea [34] computed the crack path in a centrally cracked Homalite-100 plate 
under the biaxial loading condition by using the maximum circumferential stress for the crack 
propagation direction. They compared these calculated results with experimental results obtained 
by Dadkhah [35]. Good correlation was obtained with the available data for crack path and 
observed stress intensities. 

CRACK KINKTNG CRITERION UNDER MODE I. 

The Maximum Circumferential Stress Criterion. The maximum circumferential stress 
theory (BOQQ/BQ = 0) was first derived by Yoffe [36] in 1951 to explain crack branching of a 
rapidly propagating Mode I crack. Later, Williams and Ewing [37] extended this theory by 
incorporating a second-order term, 0OX, which is applied parallel to the crack plane. Finnie and 



Saith [38] improved the Williams and Ewing model by correcting an oversight. Streit and Finnie 
[39] applied this theory to a static crack curving criterion and predicted the directional stability of 
Mode I crack propagation. This stability criterion introduced another critical material parameter, 
rc, which is the radial distance from the crack tip. As such rc is a material constant that specifies 
the characteristic crack-tip region in which the off-axis microcracks are triggered and connected 
to the main crack tip. The assumption of the maximum circumferential stress criterion, as 
modified by Ramulu and Kobayashi [23], is that the crack will extend towards the 
circumferential stress, which reaches its maximum value at a critical distance, r0, away from the 
crack tip. The characteristic distance, r0, is derived from the crack stability criterion, which 
involves a second-order term cox in a dynamic crack-tip stress field. 

This maximum circumferential stress condition based on LEFM results in a characteristic 
crack-tip distance, r0, in which the propagating crack will deviate from its axis by an angle of 6C. 
For a dynamic crack, these values under pure Mode I are 
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where ci is the dilatational wave velocity and C2 is the shear wave velocity. 

The crack kinking angle 0C can be obtained from the following transcendental equation: 
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where Ki and aox are the Mode I stress intensity factor and either the remote stress component or 
the first nonsingular term in the elastic crack-tip stress field, respectively. 

The elastic crack kinking criterion requires that r0 < rc for the crack to curve an angle, 0c, 
away from its axis. 

The Minimum Strain Energy Density Criterion. The minimum strain energy density 
criterion, as modified by Ramulu et al. [23], also incorporates the characteristic distance of r0 and 
thus the second-order term of cox in the strain energy density factor, S, of Sih [32]. The 
extended minimum strain energy density criterion with the GOX term can be used to predict crack 
kinking of a Mode I static crack or of a crack propagating at a low crack velocity. 

The crack kinking angles predicted by using either the maximum circumferential stress or 
the minimum strain energy density fracture criterion are almost the same for smaller values of 
the Mode II stress intensity factor, Kn. The fracture angle for negative cox is much smaller than 
those with positive oox. Furthermore, the difference in dynamic crack kinking angles predicted 
by either theory is almost equal for the Poisson's ratio n = 0.33 to those of static analysis when 
c/ci<0.25[23]. 

The Maximum Energy Release Rate Criterion. Achenbach [40] proposed an 
approximation method based on the assumption that the near-tip field for a kinked crack can be 
assumed from the field for a crack propagating in its own plane, provided the new crack faces are 
subjected to tractions corresponding to the kinking crack. This approximate method was used for 
both Mode HI and Mixed-Modes I-II crack kinking under stress-wave loading. 

Ma [41] considered the maximum energy release rate criterion for a kinked crack and 
obtained the dynamic stress intensity factor at the kinked crack tip by using a perturbation 
method. This criteria suggested that the kinked crack would choose to propagate in the direction 
and at a velocity for which the energy flux into the crack tip was a maximum. 



The KJT = 0 Criterion. Sumi [42] predicted curved crack growth paths under proportional 
loading conditions by using a fracture criterion that states that the crack will kink in the direction 
along which the stress intensity factor of the in-plane shear mode, Kn, vanishes for an 
infinitesimally small crack extension. The stress analysis was performed by the method of 
superposition of analytical and finite element solutions. Two examples (a DCB-type specimen 
and an edge crack approaching a hole) were solved by this method, which predicted a path that 
agreed well with the experimentally measured path. 

AXIAL CRACK PROPAGATION WITH MSP. 

The following section describes the results of the experimental and numerical analyses of the 
crack behavior with MSD in a typical aluminum fuselage. These findings are being analyzed and 
assessed by researchers, manufacturers, and airworthiness authorities. 

EXPERIMENTAL ANALYSIS. To accurately analyze crack growth rate and the residual 
strength in a damaged structure, it is necessary to conduct a program of damage tolerance tests 
that examine materials ranging from small laboratory specimens to full-scale airframes. Because 
it is impossible to test all members of the structure, verification of the damage tolerance criterion 
for most of the structure must be performed numerically. However, the numerical analysis must 
be verified by a minimum number of effective experiments [4]. 

For example, Swift [43] used damage tolerance analyses in the design of the DC-10 in the early 
1970s. Various configurations were studied to produce an optimum structure, which not only 
provided the fail-safe capability but also improved the service life of the fuselage. Numerical 
techniques were verified and the fail-safe strength of the fuselage shell was substantiated by flat 
and curved panel tests under uniaxial and biaxial loading, respectively. Typical test panels used 
by Swift are shown in figure 6. 

Flat Panel Tests. Uniaxially loaded, unstiffened flat panels with multiple open holes and 
lap splice specimens with MSD were tested by Dawicke et al. [44]. They found that the 
prediction of MSD fatigue crack growth behavior was strongly dependent upon an accurate 
description of the stress intensity factor of the specific cracking pattern. Fatigue crack closure 
analysis, based on Elber's crack closure phenomenon [45, 46], was used to predict fatigue life. 
Elber [45,46] observed that fatigue cracks closed at loads above the minimum load, reducing the 
stress intensity factor range over which damage occurred. Dawicke et al. concluded that the 
current crack closure analysis could describe the behavior for MSD with equal spaced cracks but 
could not describe MSD with unequal spaced cracks or crack linkup. 

Mayville et al. [47], Jones et al. [48], Schijve [49], and Molent and Jones [50] conducted 
fatigue tests on riveted lap joints to determine a fracture criterion for linkup of MSD. These 
studies indicated that the linking of two adjacent cracks was due to net section failure of the 
remaining ligament, a hypothesis first proposed by Swift [51]. Also, Schijve [49] concluded in 
his study that the crack growth might be sufficiently slow to allow a timely detection in service, 
but this should be confirmed by full-scale fatigue tests for aging airplanes. 

Moukawsher et al. [52] tested a 2024-T3 flat panel with a relatively large central lead 
crack along a series of 10 or 11 holes. The test results showed that the residual strength was 
significantly reduced due to MSD ahead of the lead crack and was also affected by the holes 
themselves. The importance of MSD, which reduced the residual strength, ahead of the lead 
crack was discussed. 

Curved Panel Tests. A curved panel pressure test was conducted by Samavedam and 
Hoadley at Foster-Miller [53]. Panel loading was achieved by pulling on the curved ends and 
pressure loading the panel on its concave side by pressurized water.  They observed that the 



initial 914-mm (36-in.) skin crack extended over two frame bays and then turned at the frames, 
as one would expect in the ideal situation, causing decompression. They also tested panels with 
a 315-mm (12.4-in.) lead crack and found that the reduction in residual strength was about 20 
percent under typical MSD conditions. 

Full-Scale Tests. Airplane manufacturers such as Boeing, Douglas, and Airbus have 
conducted their own damage tolerance tests using full-scale models. Hoggard [54] used DC-9 
fleet data to analyze the effectiveness of full-scale tests for maintaining safety of an aging fleet of 
airplanes against structural degradation due to widespread fatigue damage. He concluded that 
full-scale tests provided significant insight into future fatigue related behavior of airplane design 
including modes of failure and probable locations in spite of the tremendous investment in 
resources and time. There are no available papers on the full-scale tests conducted by Douglas. 
The following is a summary of full-scale tests conducted by Airbus and Boeing and their 
findings. 

Airbus A-320 Full-Scale Tests. Brandecker and Hilgert [55] reported on the full-scale 
structural testing of the Airbus Industry A-320 airplane with regard to the damage tolerance 
requirements as specified by FAR 25 Amendment 45 and JAR 25.571. The primary purpose of 
these damage tolerance tests was to verify theoretical investigations such as the stress 
distributions, assumed failure modes, the damage tolerance analytical results, and finally, the 
defined inspection intervals using fracture mechanics. The longitudinal lap splice joint of the 
fuselage was known to be one of the significant structural components where fatigue damage was 
more likely to occur. Crack turning was verified and the crack propagation was slightly slower 
than predicted. No information was reported about the residual strength of the lap joint [55]. 

Boeing Full-Scale Tests. Maclin [56] summarized the 35 years of testing conducted by 
Boeing on the fuselage pressure structure. The test structure employed for design development 
and verification was made of large pressurized panels configured in the shape of a Quonset hut. 
Various combinations of skin gages and types of tear straps and shear ties were subjected to saw 
cuts and punctures by guillotine blades. Test sections were modeled using finite element 
analysis, and the results were compared with a comprehensive set of strain gage and crack 
opening displacement measurements. The structural modeling of crack behavior was refined, as 
necessary, to provide a validated tool for future airplane design. 

The B-707 full-scale fatigue tests and the B-737 aft fuselage fatigue tests showed that 
safe decompression occurred by flapping and that naturally generated MSD did not prevent 
flapping. For a worst-case MSD due to normal fatigue scatter in a heavier skin gage of 1.5 mm 
(0.063 inch), flapping may not occur and hence the residual strength would be reduced. 

Boeing [5, 57] has constructed two large pressure test fixtures! One fixture has a radius 
of curvature of a 1,800 mm (74 inches), representing a narrow body, while the other has a radius 
of curvature of a 3,200 mm (127 inches), representing a wide body. These fixtures were 
designed for fatigue crack growth and residual strength tests. Residual strength tests conducted 
in these fixtures indicate that MSD may influence safe decompression. The findings showed that 
small cracks under approximately 0.5 mm in length at the rivet holes can significantly reduce the 
residual strength of a large crack in the same row of holes. Cracks in skins of gages 1 mm (0.036 
inch) or less and reinforced with tear straps and/or shear ties show a strong tendency to form 
flaps and provide safe decompression except when the cracks appear in a row of fasteners that 
contains a large (and perhaps unrealistic) amount of MSD. Cracks in skins of gages 1.5 mm 
(0.063 inch) and greater have not demonstrated safe decompression by flapping because the 
shear-tied frame reduced the effects of out-of-plane displacement, or bulging, and held the crack 
closed [5,57]. 
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NUMERICAL ANALYSIS. The stress intensity factor of a crack in a flat stiffened panel can be 
calculated by both analytical and finite element methods. An advantage of analytical method 
over the finite element method is its effectiveness in conducting parametric studies for 
optimizing the design of stiffened panels. On the other hand, the finite element analysis can 
easily incorporate structural complexities, such as stringer eccentricity and fastener hole and 
fastener deformations. For a cracked, curved stiffened panel, finite element or boundary element 
methods are indispensable in solving 3D models of fuselage structures. 

Displacement Compatibility Method. The displacement compatibility method has been 
used by many researchers (Poe [58,59], Vlieger [60]) to solve LEFM problems associated with a 
fastener hole in a reinforced panel. This method can be classified as a general flexibility matrix 
approach in structural mechanics. The stiffened panel is split up into its composite parts of skin 
and stringer, and load transmission takes place through the fasteners. Compatibility requires 
equal displacements at the corresponding fastener locations in the skin and the stringer. In this 
approach, fasteners are represented by a series of concentrated forces on the sheet. Various 
improvements to the analytical procedure for stiffened panels such as shear deformation of the 
fasteners, hole deformation, and also plastic deformation of the stringers have been incorporated 
by Swift [61]. Shear displacement characteristics of the adhesive were also considered by Swift 
[62] and the effects of adhesive delamination are accounted for together with stiffener yielding. 
After the Aloha incident, Nishimura [63, 64] combined this method with a Fredholm integral 
method to solve the stress intensity factors of multiple cracks in a sheet stiffened by riveted 
stiffeners. Although these methods were used for a parametric study in the design phase, their 
use is limited to 2D finite panels. 

Displacement Finite Element Method (FEM). The stress intensity factor for crack 
problems is strongly influenced by the nonlinear geometric response of the stiffened fuselage 
shell structure. During the last decade, several displacement FEM methods for computing stress 
intensity factor solutions to complex crack configurations have been developed [65]. The finite 
element method with the nodal-force method [66], the virtual-crack-closure technique [67], and 
empirical stress intensity factor equations [68] have been used to obtain solutions for 3D crack 
problems. The equivalent domain integral method [69], which is appropriate for 2D and 3D 
crack problems with mixed-mode loadings and material nonlinearility, has also been used in 
recent years. 

The finite element analyses used to predict the results of the Boeing full-scale test [5,57], 
mentioned before, were conducted by Miller et al. [57, 70]. The predicted crack growth 
trajectory, calculated using the maximum strain energy release rate approach, and the measured 
one were in good agreement at all crack lengths for a narrow-body panel with floating frames. It 
should be noted that, although Km of unknown accuracy was obtained from the analysis, only 
membrane stress intensity factors, Kj and Kn, were used for this prediction. 

FEM/BEM Alternating Methods. Atluri and Tong [71] developed effective 
computational strategies to analyze structure integrity in the presence of MSD. Their strategy 
combines the displacement compatibility method with the finite element method. In the 
alternating technique [71, 72], the stresses in the uncracked body are first analyzed by using a 
FEM/boundary element method (BEM), then the stress intensity factors are determined from the 
analytical solution for a crack subjected to arbitrary tractions in an infinite body. Park and Atluri 
[73] also applied this method to analyze the fatigue crack growth of multiple cracks and obtained 
good agreement with the previously mentioned lap joint coupon tests conducted by Monent and 
Jones [50]. 

FURTHER RESEARCH ON MSD. Although the MSD problem is a critical issue, there is still 
little experimental information on crack growth and residual strength in riveted lap splices in the 

11 



presence of MSD. Such experimental data are necessary to validate the numerical MSD 
analyses. 

Schijve [49] summarized an experimental approach to the MSD problem. As a start, the 
experiments can be carried out on flat uniaxially loaded specimens and then extended to biaxial 
loading. These tests should include the use of curved panels under biaxial loading to determine 
the crack-driving mechanism. Observations from these experiments are most fundamental for 
the study of failure criteria. Failure criteria can be justified by hybrid experimental-numerical 
analysis [74]. 

In order to use the hybrid experimental-numerical analysis to develop a failure criterion for 
curving cracks in thin shell, one needs to experimentally obtain enough information to prescribe 
the boundary conditions of a numerical analysis such as load, strain, crack velocity, and crack 
trajectory. After testing, experimental data can be used to drive a finite element code to compute 
fracture parameters such as Kj, Kn, and cox. 

There is no agreement on a crack kinking and arrest criteria for a pressurized fuselage. 
Therefore, these criteria will have to be established to develop the design methodology for tear 
straps to ensure skin flapping and controlled decompression. 

OBJECTIVES 

The Introduction and Literature Review sections provided an overview of axial crack 
propagation in a pressurized fuselage and its importance for safety. The purpose of the present 
research was to develop a practical crack kinking and arrest criteria in a pressurized airplane 
fuselage by using a hybrid experimental-numerical technique. 

The specific aims of this study were 

•        to study the mechanics of axial crack propagation and arrest and to establish practical 
crack kinking and arrest criteria through analytical modeling, 

• to establish the experimental and data reduction procedures for two-dimensional biaxial 
tests and small-scale fuselage rupture tests, 

• to conduct elasto-dynamic finite element analyses using the above experimental data in 
order to verify of the proposed crack kinking criteria, 

• and to investigate the effectiveness of a tear strap and crack trajectory in the absence and 
presence of MSD. 

METHOD OF APPROACH 

A hybrid experimental-numerical analysis was used where instrumented biaxial test specimens 
and small-scale fuselage rupture experiments were analyzed using finite element analysis. First, 
the biaxial test was used to verify the proposed plane crack extension and kinking criteria as 
applied to flat panels. Then, small-scale fuselage rupture tests were conducted to apply these 
criteria to curved panels. Figures 7 and 8, respectively, show the flow diagrams of the method of 
approach and the hybrid experimental-numerical analysis used in this study. 

The sequence of steps followed in this method of approach are as follows: 

1.        Theoretical crack extension and kinking criteria were developed. 
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2. Two-dimensional biaxial experiments were conducted to obtain strain data and to 
determine crack trajectory. These strain data were used to compute the average crack 
velocity between two strain gages. Elasto-dynamic finite element analysis was then used 
to determine the crack-tip stress state associated with the measured crack trajectory. 

3. The experimental findings—such as strain data and crack kinking angle—were compared 
with the computed finite element strains at the strain gage locations and the stress 
intensity factors derived from the finite element analysis. 

4. After verifying the application of the proposed crack extension and kinking criteria to flat 
panels, several different configurations of* biaxial specimens were tested to investigate the 
crack trajectory in the presence or absence of MSD. 

5. Small-scale fuselage rupture experiments were conducted to verify the proposed criteria 
for a three-dimensional thin shell structure. The verification procedures were exactly the 
same as that used in the biaxial experiments. 

6. Several different types of small-scale fuselage specimens were tested to investigate the 
crack trajectory and the effectiveness of a tear strap under mixed-mode and Mode I only 
loading ß conditions. 

7. Finally, the flapping phenomenon was investigated through small-scale fuselage rupture 
experiments using a high-speed camera. 

THEORETICAL ANALYSIS 

As mentioned previously, the function of a tear strap is not only to arrest a propagating axial 
crack by reducing the hoop stress but also to turn the crack from the axial to the hoop direction. 
Such crack deflections are induced by the Mode II stress intensity factor, Kn, which is generated 
by the outward deflection of the upper skin. In addition to Kn, a large axial stress generated by 
the outward deflection ahead of the propagating crack tip (Kobayashi, et al. [75, 76]) and 
reduced hoop stress due to the presence of the tear strap and frame lead to crack kinking under 
mixed-mode crack-tip loading. Without Kn—that is, for a Kj only loading condition—crack 
kinking can also be triggered by the reduced ratio of Ki/aox, which is caused by the large axial 
stress, cox, and also by the reduced Ki of the crack tip in vicinity of a tear strap. 

Modified crack extension and kinking criteria under mixed-mode and Mode I loading will be 
proposed in this chapter. 

MIXED-MODE LOADING CONDITION. 

The asymmetrical skin separation caused by the constraint of the stringer on the lower skin, as 
shown in figure 3, generates a large differential tension or shear stress. Thus, the crack-tip stress 
field is under combined Modes I and II loading. The large axial stress ahead of the propagating 
crack tip on the upper skin, which is related to the second-order term of the linear elastic fracture 
mechanics, cox, and the reduced hoop stress caused by the tear strap and frame, will induce the 
crack to kink under mixed-mode crack-tip loading. A criterion for such crack kinking can be 
derived by following the procedure used in [23] or [24] with the addition of only Kn since the 
second-order term vanishes in the asymptotic stress field for Mode II crack-tip deformation. The 
elastic crack kinking criterion of [23, 24] assumes that when the circumferential stress within a 
prescribed crack-tip region attains a maximum value off the axis of a self-similar crack 
extension, then crack kinking will occur. 
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If, however, the apparent Mode I stress intensity factor, Ki, is elevated by the presence of a row 
of MSD cracks along the axis of the main crack, then the fuselage rupture of Aloha Airlines 
Flight 243 suggests that the crack will continue to propagate in the axial direction. This occurs 
despite the presence of asymmetric crack-tip flapping, which generates the inevitable Kn in a 
pressurized fuselage. The physical evidence of such self-similar crack extension along a row of 
MSD cracks in the presence of Kn thus requires new crack propagation and kinking criteria. 

ASSUMPTIONS. 

Three fundamental assumptions were made to simplify the analysis: 

STATIC ANALYSIS. Previous experimental results obtained by Arakawa [77] showed that the 
maximum crack velocity in fracturing aluminum specimens is approximately 40 meters per 
second for the brittle 7075-T6 aluminum alloy. For the more ductile 2024-T3 alloy, it is 
estimated to be less than 20 meters per second. It was assumed that at this low crack velocity the 
state of stress of the crack tip can be approximated by its static counterpart, even though the 
entire structural deformation must be treated dynamically. If the crack velocity is less than c/ci 
= 0.1, the difference between the static and dynamic kinking angles is less than 0.5 percent [23]. 

GEOMETRIC NONLINEAR. MATERIAL LTNEAR (ELASTIC) ANALYSIS. Significant out- 
of-plane (radial) deformation occurs in the crack-tip region due to internal pressure in the 
fuselage. Consequently, a large deformation analysis based on geometric nonlinearity is 
required. Such geometric nonlinear analysis has been used to solve the crack problem in 
pressurized fuselages since the 1970s [78-81]. 

Although material nonlinearity is appropriate for the ductile aluminum alloys used for most of 
the airplane fuselage, it will be ignored in the present analysis since the kinking angle depends on 
the ratio of Kn/Ki and <WKi and not on the absolute value of each. LEFM analysis is also 
justified for high-strain rate loading [82]. Furthermore, evidence from experiments to be 
discussed later has shown that the plastic strain is the same order as the elastic strain. Thus, 
geometric nonlinear but materially linear analysis (an elastic analysis) will be used to predict 
kinking angle. 

THIN SHELL MEMBRANE ANALYSIS. A through crack in the skin of a pressurized fuselage 
undergoes out-of-plane bending as well as in-plane membrane loading. This out-of-plane 
bending complicates the fracture analysis. Hui and Zehnder [83] proposed a set of four stress 
intensity factors based on Kirchhoff plate theory that can be used to account for both types of 
loading experienced by a crack in a fuselage structure. Since the thin shell deforms more 
radially, like a balloon, to carry the applied membrane stresses, the transverse shear stress along 
the hoop direction is small. Furthermore, at the skin midsurface, z = 0, the two bending stress 
intensity factors do not affect propagation angle, because the bending stresses on the inside and 
outside surfaces negate one another. Therefore, the out-of-plane stress intensity factors, ki and 
k2, as defined in [83], will be neglected in this crack kinking study, although they were computed 
for reference purposes. This means that the crack problem will be treated as a plane stress 
problem, which is a justifiable simplification of the actual state of stress at the crack tip. 
However, the bending stresses which were caused by joint eccentricity must be taken into 
consideration in the lap joint study in the future. 

CRACK KINKING CRITERION. 

For the thin-gage skin used in a B-737 fuselage, i.e., 0.9 mm (0.036 in.), the following plane 
crack kinking criterion, which is governed by the state of stress at the crack tip, should be 
applicable. 
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MIXED-MODE CRACK KINKING CRITERION. 

Mixed-Mode Stress Field. Elastic stress fields in the vicinity of a crack tip are related to 
the mode of crack-tip displacements. Because the effects of Mode I and II loadings are of 
primary concern and the true Mode III crack-tip deformation does not exist in the thin shell 
considered here, the following discussion is limited to Modes I and II. The stress field of the 
mixed-mode elastic crack tip, presented in the polar coordinate system as shown in figure 9, is 
given by 
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where c0x is the second-order term commonly referred to as the remote stress component. 

The Maximum Principal Stress Criterion. In section 2, several elasto-static kinking 
criteria under mixed-mode loading were discussed. Erdogan and Sih [19] derived the angle of 
crack kinking, 6C, in the presence of Kn by applying the maximum principal stress criterion, 
which is identical to the maximum circumferential stress criterion without the second-order term, 
o0x> and considering the crack-tip stress field: 

KIsin8c+KII(3cos8c-l) = 0 (9) 

where Ki and Kn are the stress intensity factors for Modes I and II, respectively. This equation 
can be derived from the condition that the third equation of 8 is equal to zero, that is Tre = 0. 

This crack kinking criterion predicts a positive 8C for a negative Kn, since Ki is always 
positive as shown in figure 10. Likewise, a negative 6C is predicted for a positive Kn. In the 
absence of Kn, equation 9 predicts a self-similar crack propagation, or 8C = 0, and fails to explain 
the physically observed crack instability where crack kinking occurs under pure Mode I. Also, 
this theory does not account for the influence of material properties around the crack tip on the 
stress distribution nor does it account for the influence of the nonsingular term o0x on the 
direction of crack propagation. 

The Maximum Circumference Stress Criterion. The static-elastic kinking criterion of 
Streit and Finnie [39], which incorporates either the second-order term in the crack-tip stress 
field or the dynamic counterpart of Ramulu and Kobayashi [23], predicts crack kinking under 
pure Mode I and was found to agree well with available experimental data. A mixed-mode crack 
kinking criterion based on the maximum circumferential stress criterion can be derived by this 
crack kinking criterion with the addition of Kn- 

The mixed-mode crack extension criterion based on the maximum circumferential stress 
criterion is derived by assuming that fracture will occur when the maximum circumferential 
stress is equal to the equivalent circumferential stress in a Mode I fracture. From the second 
equation of 8, the mixed-mode crack extension criterion is 
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KJc=KIcos3^-3Kllcos2^sin^ + l^crJl-cos2dc) (10) 

Equation 10 can be satisfied by a proper combination of a nonvanishing Ki, Kn, oox, and 6C, or 
Ki = Kic and 9C = 0. The latter satisfies a self-similar crack extension criterion, which will be 
used here. Otherwise, off-crack extension will occur when equation 10 is satisfied. 

The kinking angle, 6C, at which circumferential stress, 099, is maximum, can be derived by 
setting the crack velocity to 0 in the mixed-mode elasto-dynamic equation of Ramulu [84], as 
shown in appendix A, and results in the following transcendental equation: 
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The crack kinking angle computed by equation 11 incorporates GOX the second-order term. 
Figure 11 shows the variations in crack kinking angle with changes in the KJJ/KJ. ratio and in rc 
and aox. The term, A, is related to the critical distance, rc, from the crack tip and is proportional 
to the nonsingular stress, aox; rc is an unknown quantity that must be determined experimentally 
[84]. As shown in figure 11, the crack kinking angle, 9C, increases for an increasingly positive 
cox, and a negative oox tends to stabilize the crack path. Also, a larger rc results in larger 
changes in the fracture angle. 

MODE I CRACK KINKING CRITERION. After kinking in the presence of mixed-mode 
loading, i.e., Kj. and Kn crack-tip loading, the crack could propagate under dominant Mode I 
crack-tip loading due to the lack of a constraining stringer. By setting 9=0 and Kn = 0 in 
equation 11, the distance r0, where the maximum stress deviates from the position of symmetry, 
can be derived. 

roh=o - 128n \GoxJ 
<r. (12) 

If distance r ahead of the crack tip is considered, then the maximum 099 does not necessarily 
occur at 9 = 0. In fact, the maximum 099 in the two-parameter representation does not have to be 
at 9 = 0 when r0 > rc. The kinking criterion is triggered only when r0 < rc. 

The crack curving angle, 9C, can be obtained by setting Kn = 0 in equation 11. 
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It was shown that the maximum circumferential stress theory can explain the crack kinking 
behavior under pure Mode I only if a critical distance from the crack tip, rc, is defined. It was 
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also found that this critical rc is dependent on the microstructure of the material. Rice and 
Johnson [85] and Richi et al. [86] showed that the kinking criterion must also be applied a few 
grain diameters ahead of the crack to insure that a flaw and/or a correctly oriented grain are 
within a zone of sufficient stress for failure. Therefore, it is supposed that a critical distance, rc, 
ahead of the crack tip can describe the stability condition under both pure Mode I and combined 
Modes I and II loadings. 

The Neuber constant, r, which is a material constant and is related to the grain size of material, 
can be considered the same material property as rc. According to the Metals Handbook [87], an 
average value of rc might be 1.5 mm for 2024-T3 aluminum alloy. 

The proposed self-similar crack extension and crack kinking criteria under mixed mode, Ki and 
Kn, crack-tip loading is as follows: 

• The crack will continue its self-similar crack propagation when Kj > Kic unless large 
change in cox trigger equation 12. 

• When Ki < Kic, the crack will kink at a kinking angle predicted by equation 11. 

EXPERIMENTAL ANALYSIS 

This section describes the details of the experimental procedure including the specimen 
configuration, setup, and testing. First, specially configured, biaxially loaded 2024-T3 and 7075- 
T6 aluminum alloy specimens were tested to verify the proposed crack kinking criteria and to 
check the influence of MSD. Next, fully instrumented, axial-rupture experiments using small- 
scale models of an idealized fuselage were conducted to investigate the practical application of 
the proposed crack kinking criteria and the effectiveness of tear straps. 

BIAXIAL EXPERIMENT. 

Several types of biaxial specimens with MSD were tested with loads simulating the hoop stress 
and differential axial stress generated by an asymmetric flap opening. 

SPECIMEN. The 2024-T3 aluminum alloy is used for the fuselage skins of commercial 
transports, which carry cyclic tension stress due to fluctuations in cabin pressure. The 2024-T3 
alloy is also used for the lower wing skins, which must withstand mainly tension stresses as the 
wing flexes upwards during flight. Because of its toughness, however, it is used primarily in 
members where fatigue strength is critical. For the upper wing skins, which must bear mainly 
compression stresses, the 7075-T6 aluminum alloy is used. This alloy is also used for 
reinforcements such as stringers, longerons, and frames. Since 7075-T6 has greater static 
strength than 2024-T3, but less fracture toughness, 7075-T6 is used for members that require 
high ultimate strength. Because of this widespread use in airplane construction, these two alloys 
were chosen for this study. Material properties of 2024-T3 and 7075-T6 alloys are shown in 
appendix B. 

Several configurations of cruciform-fracture test specimens with identical overall dimensions are 
shown in figures 12 through 16. The purpose of the machined slot in the four arms of the 
specimen was to create a uniform stress condition in the actual working zone [88, 89]. The 
configuration differences are in the location and attachment method of the tear strap and the 
MSD patterns. The presence of MSD was simulated by machined grooves of varying length 
about 0.41 mm deep (50 percent of thickness). The biaxial test specimens are identified as: 
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Type MV:      A tear strap is attached to the end of the specimen by cold bonding* only, and a v- 
groove lies in the middle in front of the tear strap (figure 12). 

Type MA:       Same as Type MV except with a bonded and riveted tear strap (figure 13). 

Type MB:      Tear strap located at approximately the middle of the specimen. A v-groove is 
just in front of the tear strap (figure 14). 

Type MC:       Same as Type MB except another v-groove is located behind the tear strap (figure 
14). 

MC-6 has the same groove configuration, but different fastener patterns as shown 
in figure 15. 

Type MD:      Same as Type MC except for a continuous v-groove under the tear strap (figure 
14). 

MD-7 has the same groove configuration but different fastener patterns as shown 
in figure 15. 

Type MG:      Same as Type MB except for a short v-groove under the tear strap (figure 16). 

INSTRUMENTATION. For each configuration, one or two preliminary tests were conducted to 
check the crack trajectory. Then, the cruciform specimen was instrumented with four to five 
strain gages along the crack trajectory. The gages were used to monitor the strain history during 
crack propagation as well as to estimate the crack velocity. These transient strains were recorded 
with digital storage scopes as shown schematically in figure 17. The two time-varying loads, Px 
and Py, which were measured by the two load cells were also recorded with the digital scopes. 

EXPERIMENTAL PROCEDURE. The specimen was loaded rapidly (loading rate is about 
1.5* 106 N/sec) using a biaxial testing machine developed by Dadkhah [35] shown in figure 18. 
The y-direction load, Py, simulates the hoop stress of the fuselage and the load parallel to the 
crack; the x-direction load, Px, simulates the large axial stress. This axial stress was identified as 
the dominant force behind crack curving in pressurized pipes [75, 76] and fuselages [90]. The 
upper load, Pxi, which was twice the lower load, Px2, simulated the differential axial load 
imposed by the flapping of the upper fuselage skin as the crack propagated axially along a 
fuselage lap joint. The asymmetric x-direction load, i.e., Pxi/Px2 = 2, at the left tab of the 
cruciform specimen was generated by a simple mechanical lever system at the bottom side of the 
cruciform specimen as shown in figure 18. 

SMALL-SCALE FUSELAGE RUPTURE EXPERIMENT. 

Thin cylinders of 2024-T3 aluminum alloy, with or without simulated stringers and tear straps, 
were tested to verify the plane stress crack kinking criteria in pressurized cylinders. They were 
also used to justify the biaxial specimen tests for detailed analysis of the effectiveness of tear 
straps. 

Epoxy bonding (Type VPAC - Measurement Group, Inc.) is used to bond a tear strap to a 
specimen. 
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The use of air as a pressurizing medium is necessary if the true dynamic conditions of crack 
growth in a representative fuselage structure are to be adequately assessed. However, the risks 
associated with this type of testing need to be properly understood and adequate safeguards taken 
[57]. 

SPECIMEN. The purpose of the small-scale model was to study the effect of total air volume on 
crack propagation. This was done in the hope of duplicating some aspects of the interaction 
between the rupturing fuselage and decompressing air. The model's dimensions were therefore 
intended to approximate the length-to-diameter ratio of the pressurized section of a Boeing 737 
fuselage. In consideration of laboratory space limitations and to minimize the difficulty of 
manufacturing and handling the test specimens, a scaling factor equal to one-tenth of the 
dimensions of the Boeing 737 was used. As this scaling factor could not apply to the skin 
thickness, 2024-T3 aluminum alloy with a thickness of 0.3 mm (0.012 inches), which is the 
thinnest gage available, was used. The details of the fabrication procedure of this small-scale 
model specimen is given in appendix B. 

Three types of fuselage specimens were tested. The three specimen configurations are shown in 
tables 2,3, and 4 and can be classified as: 

• Specimens without stringers, for Mode I tests (Types a-1 and e-1) 
• Specimens with stringers, for mixed-mode tests (Types a-2, b-1, b-2, and d-1) 
• Fully reinforced specimens (Types c-1, c-2, and c-3) 

Each specimen had an axial through crack, 100 mm in length, which was machined as a starter 
crack and was sealed with cork gasket, duct tape, and silicon rubber sealant. 

Figure 19 shows a schematic drawing of the Type c-3 specimen, and figures 20 and 21, 
respectively, show photographs of the outside and inside of the specimen. 

INSTRUMENTATION. A schematic of the instrumentation setup is presented in figure 22. The 
specimen was instrumented with strain gages and a pressure transducer, and the test data were 
recorded on a magnetic tape recorder. Preliminary tests were conducted to establish the crack 
trajectory for a particular specimen configuration and loading conditions. Three to five strain 
gages were attached along the anticipated crack trajectory. One strain gage was used to measure 
die far-field, undisturbed hoop stress of the test cylinder for calibration purposes. The response 
time of the strain gage and the pressure transducer used in this study are shown in appendix D. 

High-speed photographs of the rupturing event of specimen 17 were recorded using an IMACON 
790 camera, which was triggered by a crack gage in the path of the crack. The gage, located 
about 50.8 mm (2 inches) from the tip of the starter crack, was triggered by the bulging effect 
prior to the passage of the crack. Since the minimum framing rate of the camera, about 10,000 
frames/sec and four frames per film, was too fast to record the entire rupture event, high-speed 
photographs of five identical specimens were recorded at different start times. Figure 23 shows a 
schematic of the instrumentation setup for the IMACON 790 camera. 

EXPERIMENTAL PROCEDURE. The specimen was mounted between two steel cylinders as 
shown schematically in figure 24. The steel cylinders, shown in figure 25, duplicated the 
diameter-to-length ratio of a typical passenger airplane. A 3/16-inch-thick rubber gasket 
provided a seal between the flanges of the end caps and the fixture. An air inlet was provided on 
the left-hand cylinder while the right-hand cylinder incorporated a 492 kPa (50 psi) relief valve 
as a safety feature. The right-hand cylinder, which supported the pressure transducer, was 
mounted on wheels to facilitate assembly. 
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The test fixture was shielded by three steel screens for retaining the fragments projected by the 
explosive rupture. Before the test, the model was pressurized at a low pressure to ensure that it 
was airtight. Any leaks found were repaired with silicon rubber. Then, the internal pressure in 
the scale-model fuselage was increased until a rapid fracture initiated from the pre-existing crack. 

NUMERICAL ANALYSIS 

This section describes the numerical analysis used in this study. The analysis was used to 
determine the fracture parameters KT, Krr, and aox using an elasto-dynamic analysis of the finite 
element model of the specimen. The crack velocity and the time-varying applied loads obtained 
from the biaxial and small-scale fuselage rupture experiments were prescribed. 

FINITE ELEMENT METHOD. 

It is essentially impossible to measure all of the quantities needed for crack kinking analyses 
during a single experiment. Therefore, a finite element model was used to obtain the complete 
crack-tip states of stress, strain, and displacement. The initial and transient data obtained from an 
experiment were prescribed on a finite element model of the specimen, and the numerical results 
generated during the analysis were compared with experimental results such as strains, kinking 
locations, and angles. 

FINITE ELEMENT MODEL. 

In this study, a commercial finite element code, ABAQUS*, was used for the analysis of the 
dynamic fracture of the biaxial specimens and the small-scale fuselage specimens. 

BIAXIAL SPECIMEN. Four-node bilinear plane stress elements were used to model the 
biaxially loaded plate. The tear straps were modeled using beam elements with an arbitrary cross 
section. Figure 26 shows a finite element model of a Type MV specimen. Figure 27 shows a 
typical finite element mesh and the details of a refined mesh in the area of crack propagation 
used for Types MB and MC specimens. For Type MD, a different finite element model with a 
straight crack trajectory was used. After tests, actual crack path was modeled with double nodes. 
Then, dynamic crack propagation was simulated that double nodes along the prescribed crack 
trajectory were released at a time calculated from a crack velocity. 

SMALL-SCALE FUSELAGE SPECIMEN. Experimental data such as crack kinking angle, 
crack velocity, and pressure decompression rate were input to the finite element model. Elasto- 
dynamic finite element analysis was used in this study to duplicate the conditions of the 
experimental data. 

Doubly curved shell elements with 6 degrees of freedom per node were used for the skin of the 
small-scale fuselage specimen. Three- and four-noded shell elements were used. The 
longitudinal stringers and the tear straps were modeled by beam elements. Dynamic crack 
propagation was simulated by the same double nodal procedure used in the finite element models 
of the biaxial specimens. 

The asymmetric crack-tip deformation along the stringer required that at least one-half of the 
scale-model fuselage be modeled. However, a finite element mesh of a quarter of the cylinder 

*ABAQUS, HIBBITT, KARLSSON & SORENSEN, INC. 100 Medway Street, Province, Rhode 
Island 02906-4402. 
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was used to save computation time. According to Miller et al. [70], it is necessary to include 
approximately 60 to 90 degrees of the shell arc in the fuselage model to minimize interactions 
with an adjacent cracked fuselage structure. Planes of symmetry were assumed along the 
circumferential boundary crossing the centerline of the crack and along longitudinal boundaries. 
Implicit in modeling a one-quarter segment is the assumption that an identical axial crack is also 
propagating in the other symmetric quarters of the fuselage. This will hot correctly model a very 
large crack-tip opening of a single crack in the scale-model fuselage, due to the inevitable 
coupling effect between the two symmetrically propagating cracks. As separate numerical 
analysis showed that the difference in predicting the kinking angle using a one-quarter scale 
model and a one-half scale model was less than 2 percent. Furthermore, the difference in the 
initial crack kinking angle between an irregular mesh (kinked model) and a regular mesh 
(straight crack model) was less than 1 percent. Therefore, the one-quarter kinked model was 
considered accurate enough to predict the kinking angle. 

LOADING CONDITIONS- 

BIAXIAL TEST. The measured time-varying load, Px, was separated into the upper load, Pxi, 
and the lower load, PX2, where the ratio was Pxi/PX2 = 2. The time-varying loads Pxi, PX2, and 
Py were then applied at each loading point. The initiation time of crack propagation was 
estimated from the data of strain gage 1, which was attached close to the edge of the machine 
notch. 

SMALL-SCALE FUSELAGE RUPTURE TEST. The actual pressure distribution on the flap as 
the crack continues to open is unknown. A finite element analysis of an idealized fuselage with 
an axial crack along a lap joint as shown in figure 29 was conducted [91]. For the anticipated 
slow crack velocity of less than 500 meters/second from Kobayashi and Engstrom [92], Arakawa 
et al. [77] and the small-scale fuselage rupture test, the pressure-structure interaction effect was 
negligible [93]. Two hypothetical pressure distributions were prescribed on the crack flaps, one 
constant and the other a linearly decreasing pressure on the crack flap [91]. Since for these two 
cases the variation in the crack-tip stress intensity factor was less than 4 percent, details of the 
pressure distribution in the vicinity of the axial crack were considered unimportant for a crack 
propagating with constant cylinder pressure. These figures show that the cork gasket seal 
prevented depressurization during crack extension until the crack reached the gasket boundary. 
Thus, the measured full pressure was prescribed on the opening flap, and a constant pressure was 
applied to each element representing the skin of the model. 

Static tests using four strain gages, which were located at 0, 90, 180, and 270 degrees on the 
circumference of the specimen, showed that the axial stress was about 60 percent of the hoop 
stress. Based on thin-shell theory, the axial stress should be 50 percent of the hoop stress. In 
this case, however, the inner diameter of the steel cylinder was about 1.1 times larger than that of 
the specimen (see figure 24). Consequently the axial force applied to the aluminum cylinder was 
slightly higher than that of a typical pressure vessel. The axial stress applied to the coarse nodes 
along the right edge of the FEM model was 60 percent of the hoop stress in order to simulate the 
effect of the internal pressure on the end caps. 

DATA REDUCTION. 

Before the fracture parameters are computed, each model had to be calibrated. These calibration 
factors were obtained by solving a known problem using the same finite element mesh as the 
specimens. 

First, Ki and Kn were separated by assuming that the Kj /Kn ratio was equal to the ratio of the 
crack-opening versus crack-sliding displacements. These were calculated as the difference 
between the upper and lower nodal displacements one element behind the crack tip. Next, the 
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stress intensity factors were computed from the element stress using the linear-elastic crack-tip 
field equations. The remote stress component, cox, was then computed by subtracting the 
singular stress component from the axial stress component ahead of the crack tip. Miller et al. 
[57] used the displacement at nodes on the crack near the crack tip to calculate stress intensity 
factors. Although displacement is more reliable than the element stresses, the element stress 
procedure is the only way to calculate cox • 

The true Kj and Kn for the crack propagating within the groove was obtained by multiplying the 
stress intensity factors from the finite element analysis by the square root of the ratio of the 
specimen thickness to the thickness at the notch root of the groove. This scaling factor was 
obtained by assuming that the strain energy released by the crack extension was dissipated within 
the section of reduced thickness at the groove. 

The numerically determined Kj, Kn, and oox were then used to assess the potential of self-similar 
crack propagation or crack kinking as described in earlier. 

In addition to Ki and Kn, the apparent Km was obtained from the transverse shear stress of the 
crack-tip element. The bending stress intensity factors based on Kirchhoff plate theory ki and k.2 
were also obtained from the bending components of X& and OQQ of the crack-tip element using 
the stress field equations in reference 83. 

RESULTS AND DISCUSSION 

This section presents the experimental and numerical results obtained by the procedures 
described previously. In particular, loading and strain histories; variation of Ki, Kn, and oox; and 
crack kinking angles are presented. 

BIAXIAL TEST. 

PHASE I (TYPE MV SERIES). A total of 16 specimens, nine 2024-T3 and seven 7075-T6 
specimens, were loaded in the biaxial testing machine with uneven axial loadings on the upper 
and lower crack flaps. Tables 5 through 8 summarize the test results for each specimen. Of the 
16 specimens, five were analyzed in detail using an elasto-dynamic finite element. All test 
results were divided into four groups based on material and crack growth differences as 
described later. Each of the four groups exhibited distinct crack growth behavior. One specimen 
per group was analyzed in detail. An additional specimen from the large flapping specimens 
group was studied due to load rate variability inherent of the test equipment. The effect of 
different loading rates on the crack trajectory were studied. These five test results together with 
the corresponding numerical results are summarized in tables 9,10, and 11 and are discussed in 
the following paragraphs. 

2024-T3 Specimens Mode I Loading Specimen. Two tests were conducted for baseline 
data by initiating rapid crack propagation with only the y-direction load, Py, applied. The results 
for this loading condition are given in table 5. Although the x-direction load, Px was not applied, 
there was small Kn due to the x-direction constraint from the mechanical lever system. As 
anticipated, the crack arrested after entering the ungrooved region without kinking since Kn was 
close to zero. Figure 30 shows the photograph of the fractured specimen MV-1 with an arrested 
crack. Figures 31 and 32 show the variations in Py and in Ki, Kn, and aox, respectively. No 
reliable strain gage measurements were obtained in these tests. Despite the negligible small Kn 
crack-tip deformation, equation 12 was satisfied and the crack kinked slightly in the vicinity of 
the tear strap as shown in table 9. The excellent agreement between the predicted and measured 
crack kinking location and angle is noted in table 9. 
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Crack Arrested Specimen. Under a lower maximum Py =17,000N (3,820 lb.), the 
propagating crack in specimen MV-3 kinked after entering the ungrooved section as shown in 
tables 5 and 9 and figure 33. Figures 34 and 35 show the variations in loads and four strain gage 
responses, respectively. The data points in figure 35 represent the computed strains at the strain 
gage locations. The good agreement between the measured and computed strains indicates that 
the prescribed crack velocity in this FEM analysis was reasonable. Figure 36 shows the variation 
in Ki, Kn, and aox. Table 9 compares the measured and predicted crack kinking and kinking 
angles at four locations. Note that at location 2, the crack kinked despite the fact that Kj > Kic, 
which according to the proposed crack kinking criteria would predict straight crack extension. 
One possible cause of this discrepancy is the slight local decrease in Py indicated by the slight 
drop in the strain of gage 3 at approximately 15.5 msec as shown in figure 35, which was not 
accounted for in our modeling. Such a momentary drop in local loading could cause Ki < Kic 
and the kinking angle would be computed by equation 11 as shown in table 9. The third kinking 
was triggered by equation 12 with a sudden increase in oox. Then, the fourth kinking was 
triggered by equation 10 and the kinking angle was computed by equation 11 since Ki < Kic. 

Large Flapping Specimens. The influence of crack flapping in the presence of a tear strap 
was investigated through four tests shown in table 6. Figure 37 shows two fractured specimens, 
MV-7 and MV-9, with large flapping, crack penetration through the tear strap, and final buckling 
of the specimens. Figures 38 and 39 show the variations in Px and Py loads of the two 
specimens. Figures 40 and 41 shows the four strain gage responses from these two tests. While 
the load histories of the two tests varied considerably, as shown in figures 38 and 39, the trends 
of the measured strains at each strain location were similar. Also the measured and computed 
strain histories of strain gages 2 and 3, the latter of which is represented by the data points, are in 
good agreement. Figures 42 and 43 show the variations in Ki, Kn, and cox with crack extension, 
Aa, which is measured along the curved crack. Despite the relatively large Kn, the crack 
propagated straight in the groove. Once in the ungrooved region, the crack kinked and both Ki 
and Kn dropped precipitously. The measured and computed locations of the first and subsequent 
crack kinking and kinking angles are given in table 10. Note that the second and third crack 
kinkings were actuated by the sudden rise in oox which in turn triggered equation 12. As the 
crack approached the tear strap in specimen MV-7, Ki decreased below Kic at which time the 
crack kinked again following equation 11. On the other hand, the crack of MV-9 did not kink in 
front of the tear strap because Ki was still greater than Kic. 

7075-T6 Specimen. The effect of low fracture toughness was investigated by testing the 
seven 7075-T6 specimens shown in tables 7 and 8. Figure 44 shows a photograph of the failed 
specimen where the crack curved after exiting the groove end but continued to propagate through 
the tear strap which eventually debonded. Figures 45 and 46 respectively show the variations in 
the Px and Py load histories and the four strain gage responses of 7MV-7. Figure 47 shows the 
Ki, Kn, and aox variations with crack extension as well as the locations of crack kinking. The 
first kinking, which occurred after the crack entered the ungrooved region, was triggered by 
equation 10. The second crack kinking was triggered by equation 12 with the sudden rise in cox. 
The third kinking was triggered by equation 10 when Ki < Kic as the crack approached the tear 
strap. The predicted and measured crack kinking locations and the angles are shown in table 11. 

PHASE II (TYPES MA. MB. MC. AND MD SERIES). A total of 14 specimens with bonded 
and riveted tear straps were loaded in the biaxial testing machine with uneven axial loading on 
the upper and lower crack flaps. Of the 14 specimens, only five were analyzed in detail. One 
specimen from each of the five different v-groove configurations and fastener patterns was 
analyzed. 

Type MA Series. Table 12 shows the maximum loads and crack path of two MA 
specimens.  The crack hit the closest rivet hole after entering the tear strap zone.  Figure 48 
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shows the photograph of the failed MA-2 specimen. No numerical analysis was conducted for 
this specimen. 

Type MB and MC Series. Tables 13 through 15 show the experimental results for two 
MB and four MC specimens with the tear straps located in the middle of the specimen. There 
was no simulated MSD under the tear strap. For specimens MB-2, MC-4, and MC-5, the crack 
curved after exiting the groove end, propagated to the closest rivet hole, and then crossed the 
specimen. After the crack passed through the first rivet hole of specimens MB-3, MC-2, and 
MC-6, the paths were different. The crack kinked into the next rivet hole, propagated to the third 
rivet hole, and then kinked to the right edge of the specimen. Figures 49 through 52 show 
photographs of the failed MB-3, MC-2, MC-5, and MC-6. Figures 53 through 55 show the 
variations in the Px and Py loads of specimens MB-3, MC-2, and MC-6. Also shown are the 
discontinuous crack velocities which were obtained from the four strain gage readings and were 
also used in the dynamic FEM analysis. The crack velocity, which is less than 30 m/sec before 
kinking, suddenly decreases to less man 10 m/sec after kinking. 

Figures 56 through 58 show the measured and computed strain histories at the four strain 
gages of specimens MB-3, MC-2, and MC-6, respectively. The computed strain histories 
represented by the data points are in good agreement with the measured strains. The numerical 
results terminate after the first crack kinking point which is half way through the measured strain 
history. Figures 59 through 61 show the variations in Ki, Kn, and aox with crack extension Aa, 
which was measured along the kinked crack. The crack propagated straight in the groove despite 
the relatively large Kn- Once in the ungrooved region, the crack kinked and both Ki and the 
absolute value of Kn dropped precipitously with Kn approaching zero. The measured and 
computed kinking angles, with and without the second-order term aox, are also shown in figures 
59 through 61. In all cases, the first crack kinking was actuated by Ki falling below Kic and 
triggering equation 10 when the crack exited the groove. During subsequent crack extension, the 
absolute value of Kn remained small and the crack propagated essentially in a Ki mode. While 
the numerical analysis was terminated shortly after the first kinking, the results suggest that the 
second kinking was caused by a sudden rise in cox which in turn triggered equation 12. 

Type MD Series. The experimental results of two MD specimens with a continuous 
simulating MSD under the tear strap are shown in table 16. MD-6 and MD-7 were exactly the 
same configurations except for the fastener patterns; in both specimens the crack penetrated 
through the tear strap. Figures 62 and 63 show photographs of specimens MD-6 and MD-7, 
respectively. Figures 64 and 65 show the variations in the Px and Py loads and the crack 
velocity histories of specimens MD-6 and MD-7. Figures 66 and 67 show the four strain gage 
responses in these two specimens. Figures 68 and 69 show the Ki, Kn, and oox variations with 
crack extension. Despite the presence of Kn, the crack propagated along the groove as expected. 
Crack kinking, which occurred after the crack entered the ungrooved region, was triggered by 
equation 12 since Ki > Kic. The predicted Mode I kinking angle of specimen MD-6, which was 
calculated by equation 13, was 24 degrees and is much smaller than the measured kinking angle, 
6im, of 60 degrees. The corresponding Gim of specimen MD-7 was only 19 degrees. The larger 
01m of specimen MD-6 could be attributed to the rapid drop in Px and Py, as shown in figure 64, 
accompanied by a larger than computed drop in Ki, that is, Ki could be smaller than Kic. From 
this assumption, crack kinking was triggered by equation 10 and the predicted mixed-mode 
kinking angle, which was calculated by equation 11, was 52 degrees. 

PHASE III (TYPE MG SERIES). For further validation of the crack kinking and self-similar 
extension criteria as well as further insight into the influence of MSD in channeling the crack in 
the axial direction, a total of six specimens were loaded in the biaxial testing machine with 
uneven axial loadings on the upper and lower crack flaps. The experimental results of two MG 
specimens, where the tear strap was located in the middle of the specimen and with a short v- 
groove under the tear strap, are shown in table 17. This specimen simulates discontinuous MSD 
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at the fastener hole of the tear strap. Table 17 shows two specimens with a v-groove terminating 
22.9 mm before the tear strap and with a short and discontinuous v-groove in the crack path 
under the tear strap. As the figure in table 17 shows, the crack kinked at the long groove end but 
reconnected to the short v-groove under the tear strap. Figure 70 shows the variations in the Px 
and Py loads and the crack velocity histories of specimens MG-6. Figure 71 shows the computed 
and measured strain gage results. The match between the computed and measured strains of 
strain gage 4, located at the tip of the discontinuous v-groove, was obtained only by initiating a 
secondary crack propagation at the tip of the discontinuous groove at the fastener joint and 
propagating this secondary crack towards the oncoming main crack. Figure 72 shows the Ki, 
Kn, and o0x variations with crack extension. The predicted crack kinking angle, which was 
computed from fracture parameters in figure 72, was in good agreement with the measured value. 
FEM analysis also showed that the main crack and the secondary crack connected not by the 
crack kinking criterion but by plastic overload as indicated by the computed stress and the 
principal strain directions as shown in figure 73. 

SMALL-SCALE FUSELAGE RUPTURE TEST. 

Ten cylinders without simulated tear straps and 11 cylinders with tear straps of various 
configurations as shown in tables 2, 3, and 4 were tested. A total of 21 rupture tests were 
conducted. These tests were divided into three categories. The first category involves specimens 
without a stringer, the second involves specimens with one stringer only, and the last category 
involves specimens with one stringer and two tear straps. Of the 21 specimens, only five were 
analyzed in detail. The best specimen was selected from each category and two more specimens 
were added from fully reinforced specimens to check the effect of the stringer stiffness to the 
kinking angle. 

The strain gage results were used to estimate the crack velocities. Crack velocities ranged from 
15 to 120 meters per second in all cases. This low crack velocity justified the use of the static 
crack-tip equations described in the Theoretical Analysis section to extract the variation in the 
mixed-mode stress intensity factors, Ki and Kn, and the remote stress component, cox, with 
crack extension. 

As mentioned in the Numerical Analysis section, the prescribed pressure distribution on the flap 
might not be important as long as the cabin pressure was kept constant during crack propagation. 
The pressure data (shown in figures 76, 87,96, and 103) were almost constant to the edge of the 
cork gasket during crack extension, because the gasket and overlying duct tape prevented 
pressure leakage. This will be discussed in detail later. Therefore, a constant pressure on the 
crack flap was used for numerical analysis in this study. 

MODE I TEST SPECIMEN fTYPES a-1 AND e-1). 

Type a-1. The specimen of Type a-1 (table 2), without the lap joint or stringer along the 
precrack, was tested to check for crack curving due to the axial tensile stress in the absence of 
Kn generated by large crack flaps. Figure 74 shows the photograph after rupture. The rapidly 
propagating crack did not bifurcate but turned abruptly and ran circumferentially along the two 
steel end cylinders. 

Type e-1. The crack in the Type e-1 specimen (table 4) ran axially until it hit the tear 
straps and then ran circumferentially along the tear straps. Figure 75 shows a photograph after 
the rupture. Figure 76 shows the pressure data. The pressure is relatively constant until the 
crack reached strain gage 1, which was located 50.8 mm (2 inches) from the starter crack tip. 
Figure 77 shows the measured and computed strain histories at the four strain gage locations. 
Figure 78 shows the variations in KT, Kn, and oox with crack extension for specimen 13 (Type 
e-1). Ki is larger than Kic at the moment of rupture. Figure 79 shows the r0 variation with crack 
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extension. The mode I crack kinking criterion in the Theoretical Analysis section did not predict 
crack kinking since the computed r0 was larger than the rc. This result indicates that the local 
circumferential stiffness reinforced by the tear strap was not large enough to reduce the ratio of 
KJ/CJOX before the crack reached the tear strap. 

SPECIMENS WITH A STRINGER (TYPES h-1. h-2. AND d-D. In the specimens with a 
stringer, the crack kinked immediately and ran diagonally but straight until it hit the steel end 
cylinder. In this case, the crack kinked due to the presence of Kn which was generated by the 
one-sided crack opening away from the lap joint and/or stringer as shown in figure 80. 

Type h-1. A flat stringer was placed adjacent to the precrack in this specimen. Figures 
81 and 82 show the photographs before and after rupture, respectively. Figure 83 shows the 
pressure-time relation. Since the locations of the strain gages were not close enough to measure 
the strain, no reliable strain data for this specimen was obtained. The crack velocity of specimen 
14 (Type b-2) was used to drive the FEM. Since the measured crack velocity was less than 120 
meters per second, which is less than 2 percent of the dilatational stress wave velocity of 
aluminum, it was assumed that the discrepancy of the crack velocity between two configurations 
did not affect the fracture the fracture parameters, Ki, Kn, and cox- Figure 84 shows the 
variations in KT; Kn, and o0x with crack extension. Crack kinking occurred at the onset of rapid 
crack propagation due to the presence of Kn and KT < Kic. 

Type b-2. An L-stringer was installed on this specimen to increase the kinking angle. 
Figures 85 and 86 show the photographs before and after rupture, respectively, for one Type b-2 
specimen. Figure 87 shows the pressure with the relative time. To prevent leakage the precrack 
was sealed with a gasket attached to the inside surface with silicon rubber and duct tape was 
placed over the gasket to strengthen the seal. The end of the cork gasket coincided with the 
location of strain gage 4. The edge of the duct tape extended to gage 5. As expected, no air 
leaked until the crack reached the edge of the gasket. Therefore, for the analyses it is assumed 
that the internal pressure was almost constant. Figure 88 shows that the measured and computed 
strain histories at the four strain gages are in good agreement with each other. Figure 89 shows 
the variations in Ki, Kn, and cox with crack extension. Ki is slightly lower than Kic, but there is 
a negative Kn at the moment of rupture and the crack ran under a mixed-mode condition. After 
the initial crack kinking, KT becomes larger than Kj.c and KQ becomes positive. 

Type d-1. Only field rivets were used in this specimen with no tear straps. Figures 90 
and 91 show photographs before and after rupture, respectively. After the crack reached the rivet 
hole, the crack did not turn along the fastener line but propagated straight due to the lack of local 
circumferential reinforcement such as a tear strap. This test result will be compared with the 
cylinders with tear straps in order to delineate the effect of the tear straps. 

FULLY REINFORCED SPECIMENS (TYPES c-1. c-2. AND c-3). 

Type c-1. In these test specimens, tear straps were bonded but not riveted to the skin. 
Figures 92 and 93 show of the photographs before and after rupture. The crack kinked 
immediately upon extension but then propagated in an off-axis direction. The crack did not 
change direction due to debonding of the tear straps. 

Type c-2. In these specimens, tear straps were bonded by the same epoxy bonding which 
was used for the biaxial specimen and riveted to the cylinder. The stringer thickness was 0.6 mm 
(0.025 inch). Figures 94 and 95 show photographs of the before and after rupture. As seen in 
figure 95, the crack kinked immediately upon extension but then propagated in an off-axis 
direction until it approached the tear straps where it turned circumferentially and propagated 
along the tear straps. Figure 96 shows the pressure-time relation. Figure 97 shows the measured 
and computed strain histories at the three strain gages are in good agreement with each other. 
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Figure 98 shows the variations in Kj, Kn, and oox with crack extension. Crack kinking occurred 
at the onset of rapid crack propagation due to the presence of Kn and Ki < Kic. 

Type c-3. The configuration of Type c-3 specimen was same as that of Type c-2 
specimen except for the stringer thickness. The stringer thickness of Type c-3 specimen was 0.8 
mm (0.032 inch). Figures 99 and 100 show the photographs before and after rupture, 
respectively. Figures 101 and 102 show a composite set of photographs, obtained during five 
different tests, of a rupturing Type c-3 specimen. These sequential photographs show the 
development of the crack flap after the crack kinked immediately upon extension. Figure 103 
shows the pressure-time relation. Figure 104 shows the measured and computed strain histories 
at the three strain gages are in good agreement with each other. Figure 105 shows the variations 
in Ki, Kn, and GOX with crack extension. Crack kinking occurred at the onset of rapid crack 
propagation due to the presence of Kn and Ki < Kic. 

SUMMARY OF RESULTS- 

BIAXIAL TEST. 

Loading Condition. The remote hoop stress, cy, in most of the tests was about 138 MPa 
(20 ksi). The average axial stress for the upper tab, cxi, was 152 MPa (22 ksi) and that of the 
lower tab, aX2, was 76 MPa (11 ksi). Therefore, the differential tension stress, that is, the shear 
stress xXy, was about 38 MPa (5.5 ksi). Consequently, xxy/oy was 0.28, which is very close to the 
value of Xn/Kl from the FEM analysis of about 0.30. 

Crack Velocity. The average crack velocity along the v-groove was about 20 m/sec. 
This dropped to less than 10 m/sec when the crack entered the ungrooved area and kinked. 

Stress Intensity Factors. Although the computed Ki at the initiation of crack propagation 
was lower than Kic, Ki rose to a value higher than Kic as the crack propagated along the 
v-groove. Ki dropped below Kic immediately after the crack exited the groove. Crack kinking 
then occurred due to the presence of Kn and the condition Kj < Kic. 

Crack Kinking Angle. The computed kinking angle using oox was always close to the 
measured angle. The computed kinking angle without o0x was 25 percent or more smaller than 
the measured angle. 

Crack Trajectory. Crack kinking occurred immediately after the crack exited the v- 
groove if there was no MSD under the tear strap but never occurred in the continuous v-groove 
in spite of the tear strap. Furthermore, if there was a short v-groove under the tear strap, the 
crack kinked at the long groove end but reconnected to the short v-groove under the tear strap. 

SMALL-SCALE FUSELAGE RUPTURE TEST. 

Bursting Pressure. Table 18 shows the bursting pressure of each model. As expected, the 
bursting pressure of the specimens with a stringer was higher than that of the specimens without 
a stringer since the stringer constrained the out-of-plane deformation of the specimen. On the 
other hand, little difference in bursting pressure between the specimens with and without tear 
straps was noted. 

Crack Velocity. The discontinuous crack velocities, which were obtained from the strain 
gage readings and used in the dynamic FEM analysis of typical specimens, are shown in figure 
106. The crack velocity increased with crack propagation due to the relatively constant internal 
pressure where no sizable decompression occurred until the crack reached the edge of the cork 
gasket that sealed the starter crack. From the sequential photos taken by the IMACON 790 high- 
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speed camera, the average crack velocity over the range of crack extensions, which varied in 
length from 60 to 70 mm, was about 50 m/sec. This value agrees well with the velocity obtained 
with the strain gages shown in figure 106. 

Stress Intensity Factors. Table 19 shows the stress intensity factors at the onset of the 
rupture for each specimen configuration. As expected, KT is smaller than Kic for specimens 
subjected to mixed-mode loading, but Ki is slightly larger than Kic for specimen under mode I 
fracture. The absolute value of Kn is proportional to the stringer area, which also can be seen in 
figure 107. However, apparent Km is very small and almost constant regardless of the 
configuration. 

Crack Kinking Angle. Figure 107 shows the variation in crack kinking angle with the 
stringer area. As discussed earlier, the kinking angle increases in proportion to the stringer area. 
Table 20 shows a summary of the measured and computed kinking angle for each specimen. The 
good agreement between the predicted and the measured kinking angles and the subsequent self- 
similar crack extension demonstrated the effectiveness of the kinking criterion as applied to a 
rupturing fuselage. The cox term is very important in predicting the kinking angle for the small- 
scale fuselage test, because the computed crack kinking angle without the GOX term is less than 
1/2 of the measured one. The effect of the cox term for the small-scale fuselage test is more 
significant than that for the biaxial test due to the larger ratio of o0X/Ki. 

Crack Trajectory. Also shown in figure 91, the cylinder with only field rivets and no tear 
strap demonstrated no change in crack direction. If a tear strap was attached to the skin by cold 
bonding only, its effectiveness was negated due to debonding, as shown in figure 93. When a 
crack reached a tear strap attached to the skin by bonding and riveting, it continued along the 
circumferential row of tear strap rivets, as shown in figures 95 and 100. This shows that the high 
local circumferential stiffness of the tear strap, which increases the effective thickness of skin 
three times, induces flapping. 

DISCUSSION. 

CRACK KINKING. Tests conducted by Boeing [70] indicate that axial cracks in wide-body 
fuselage sections tend to grow with fatigue in a generally axial direction and do not result in 
controlled decompression. Similar cracks in narrow-body structures kink and grow 
circumferentially in about 50 percent of the cases. An exception is cracks located midway 
between stringers. In narrow-body panels, the tendency of the lead crack to kink often negates 
the effect of MSD on final failure [70]. 

The Boeing findings indicate that crack kinking results from a large, nonlinear deformation that 
causes an increase in the axial stress parallel to the crack as a result of one-sided skin flapping. If 
the skin is thick and attached to the frame by a shear tie, the difference in displacement between 
the upper and lower skins is small. This means that the differential tension in the longitudinal 
direction between the two skins is small. As a result, Kn and cox are not large enough to cause 
the crack to kink. Crack kinking is primarily a function of the ratio of the radius to the thickness 
of the skin gage (R/t) and the initial crack location. Also, the circumferential stiffness such as 
tear strap dimensions, shear-tied frame or floating frame, and other designs control crack kinking 
on the real airplane fuselage. 

Although the general trend obtained from the small-scale fuselage rupture test might represent a 
real case, the finite element analysis of an idealized fuselage model incorporating these details 
must be conducted to fully understand and predict crack kinking. 

STRESS INTENSITY FACTORS. A complicating factor in the analysis used in this work is 
that the state of stress around the crack tip in a pressurized shell can never be a pure membrane 
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State, i.e., general bending components will be present. How these bending components 
influence the crack kinking response at present has not been resolved. 

The bending stress in the axial direction is relatively large compared with that in the hoop 
direction due to the dimple caused by bulging, as shown in figure 109. This axial bending stress, 
however, does not affect the out-of-plane stress intensity factor, k2, until the crack propagates in 
the axial direction. As shown in figure 110, the out-of-plane stress intensity factor, k2, is 
relatively small before crack kinking. After the crack kinks, the component of this bending stress 
along the crack path will change the direction and increase the absolute value of k2- On the other 
hand, ki remains small throughout crack extension. Potyondy [94] concluded that this k2 might 
increase the rate of fatigue crack propagation. The effect of ki and k2 on crack growth rate is 
still under study but is expected to be a secondary effect [95]. 

NONLINEAR EFFECT. Figure 111 shows the effect of material and geometric nonlinearities 
for the small-scale monocoque cylinder used in the present study. The radial displacement at the 
center of crack obtained by linear analysis was seven times larger than that from geometric 
nonlinear analysis, while the difference of including the material nonlinearity was less than 15 
percent. Figure 12 shows the nonlinear effect for the idealized model of a B-737 fuselage as 
shown in figure 108 [90]. 

Although the difference in geometric nonlinearity for this model was much larger than for the 
small-scale model, the difference in material nonlinearity was less than 2 percent. R/a=3.6 and 
R/t=592 for the small-scale fuselage model while R/a=4.6 and R/t=2055 for the idealized 
fuselage model. Therefore, the proposed kinking criterion, which neglects material nonlinearity, 
may be appropriate as a first-order estimation for a cylinder in which R/t is relatively large. 

CONCLUDING REMARKS 

This research project tested modified crack extension and crack kinking criteria in the presence 
or absence of Mode II loading, using a hybrid experimental-numerical technique. 

The conclusions of this research are summarized as follows: 

1. The modified crack kinking criterion of equation 11 will predict the crack kinking angle 
in the biaxial 2D specimens and the small-scale fuselage rupture specimens. 

2. Self-similar crack extension in the presence of an elevated Kj can be accounted for by 
attaching a qualifier to the above crack kinking criterion. This qualifier is 

a. the crack will continue in its self-similar propagation in the presence of Kn when 
Ki>Kic 

b. the crack kinking criterion will be activated when Kj < Kic. 

3. The elasto-dynamic finite element model was successfully used to model the dynamic 
crack propagation in biaxial 2D specimens and small-scale fuselage rupture specimens. 
Fracture parameters, Kj, Kn, and aox were determined. 

4. The influence of MSD, which was simulated by a 50 percent v-groove, was observed 
through the biaxial test. MSD could not only channel the crack to propagate straight 
despite the presence of Kn but could also defeat the tear strap. 

5. The effectiveness of tear straps in the biaxial tests and the small-scale fuselage rupture 
tests was confirmed by the final crack curving at the tear strap. 
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—Tear Strap (t=0.8 mm) 

FIGURE 30. PHOTOGRAPH OF SPECIMEN MV-1 
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0 100 mm 

ES^SSSS^ 
^V 
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SEC A-A 
—Tear Strap (t=0.8 mm) 

FIGURE 33. PHOTOGRAPH OF SPECIMEN MV-3 
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0 100 mm 

4      5*»»j 

kWO^SW>.V<FF^r 
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Skin (t=0.8 mm) 

ZZ] 

SEC A-A 
—Tear Strap (t=0.8 mm) 

FIGURE 44. PHOTOGRAPH OF SPECIMEN 7MV-7 
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100 mm 

Skin (t=0.8 mm) 
kvv^svvvVsK^r 

^ 

SEC A-A 
■Tear Strap (t=0.8 mm) 

FIGURE 48. PHOTOGRAPH OF SPECIMEN MA-2 
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100 mm 

k\W\NN!v\NK^: 
a^L Tear Strap (t=0.8 mm) 

Skin (t=0.8 mm) 
SEC A-A 

FIGURE 49. PHOTOGRAPH OF SPECIMEN MB-3 
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0 100 mm 

•Tear Strap (t=0.8 mm) 

■Skin (t=0.8 mm) 

SEC A-A 

FIGURE 50. PHOTOGRAPH OF SPECIMEN MC-2 
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0 100 mm 

N\\\\\\\\\\,s^r r^ 
Tear Strap (t=0.8 mm) 

1 
■Skin (t=0.8 mm) 

SEC A-A 

FIGURE 51. PHOTOGRAPH OF SPECIMEN MC-5 
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0 100 mm 

■Tear Strap (t=0.8 mm) 

■Skin (t=0.8 mm) 
SEC A-A 

FIGURE 52. PHOTOGRAPH OF SPECIMEN MC-6 
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0 100 mm 

Tear Strap (t=0.8 mm) 

■Skin (t=0.8 mm) 
SEC A-A 

FIGURE 62. PHOTOGRAPH OF SPECIMEN MD-6 
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0 TOO mm 

SEC A-A 

Tear Strap (t=0.8 mm) 

■Skin (t=0.8 mm) 

FIGURE 63. PHOTOGRAPH OF SPECIMEN MD-7 
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MG-6 

Calculated Principal Strain Direction 

e 
23 NoMSD  __ 

-16 MSD, T/S Intact 

-22 MSD, T/S Broken   

(Unit: Degrees) 

(3 : Idealized Plastic Zone 

Secondary Crack Rivet Hole 

Detail K-K (Unit: mm) 

FIGURE 73. DIRECTION OF PRINCIPAL STRAINS. SPECIMEN MG-6. 
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,-Tear Strap—v 
/" 

Tear Strap 

(a) At = 0.0 msec 

(b> \t = 0 4 msec 

ifi-fPt 

'c) \t = 0.7 msec: 

FIGURE 101. HIGH-SPEED PHOTOGRAPHS OF A RUPTURING SMALL-SCALE 
FUSELAGE (TYPE c-3) 
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,,\    « f   _    1    ^   mcp; 

(f) \t = 2.0 msec 

FIGURE 102. HIGH-SPEED PHOTOGRAPHS OF A RUPTURING SMALL-SCALE 
FUSELAGE (TYPE c-3) 
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TABLE 1. COMPARISON OF THE OLD AND NEW FAR REQUIREMENTS [4, 8] 

PHILOSOPHIES 
ACTIONS 
TO BE TAKEN 

FAIL-SAFE 
OLD FAR 25.571 (PRE-1978) 

DAMAGE TOLERANT 
NEW FAR 25.571 (POST-1978) 

RESIDUAL 
STRENGTH 
ANALYSIS 

\± i kfc 
Single element or obvious partial 
failure. 

Residual strength level equal to 
80% limit load with an additional 
15% dynamic factor. 

Multiple active cracks one of which is 
readily detectable. 

Residual strength level equal to 100% 
limit load. No dynamic effects 
accounted for. 

CRACK 
GROWTH 
ANALYSIS 

No analysis required. Extensive analysis required for typical 
loading and environmental spectra 
expected in service. 

ESTABLISHMENT OF 
INSPECTION AND 
MAINTENANCE 
PROGRAMME 

Based on past service history. 

Not taken into account for type 
certificate. 

Related to structural damage 
characteristics and past service history. 

Taken into account for type certificate. 
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TABLE 2. SMALL-SCALE FUSELAGE SPECIMENS 

Type 

a-1 

a-2 

b-1 

■ 914.4 
(36.0) 

914.4 
(36.0) 

i'^Ma^wAwr^ry^S^äSS 

"ZT 

Configuration 

SEC A-A 

CT*J 

tSK 

SEC A-A 

Crack 

Detail B-B 

914.4 
(36.0) 

2a = 101.6 
(4.0) 

tSK =0.3 
(0.012) 

tCT  
=0-6 

(0.025) 

SP 
(0.025) 

SEC A-A 

Detail C-C 

Butt Splice 
1" Width Flat 
Stringer 

Spec. 
No. 

2a = 127.0 
(5.0) 

tsK=0.3 
(0.012) 

t D =0.6 
(0.025) 

Detail C-C Lap Splice 

2a = 101.6 
(4.0) 

t      =0.3 
(0.012) 

tsT =0-6 

(0.025) 

Lap Splice 

1" Width 

Flat Stringer 

SK: Skin    ST: Stringer    SP: Splice Plate    D: Doubler Unit:  mm 
(Inch) 
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TABLE 3. SMALL-SCALE FUSELAGE SPECIMENS 

Type Configuration Spec. 
No. 

Crack ST 

b-2 
2F 

— 

c-1 

c-2 

H 914.4 
(36.0) 

Detail B-B 

SP 

C-C 
Xj 

^*-t 

SEC A-A 

SK 

2a = 101.6 
(4.0) 

tSK=0.3 
(0.012) 

lST =0.8 
(0.032) 

1SP =0-6 
(0.025) 

SK-l 

Detail C-C 

Butt Splice 
SP    1"*1" 

L-Stringer 

5 

6 

14 

15 

16 

tTS(Bonded Only) 

t 
| l 2a i K s 

: .»■   »   .+ ■■■+■■> + ■*    + 

I (12.0) 
914.4- 
(36.0) SEC A-A 

Detail C-C 

2a = 101.6 
(4.0) 

t     =0.3 
SK (0.012) 

t ST =0.6 
(0.025) 

^S^SP^D 
=0.6(0.025) 

Butt Splice 
1 "*1" L-Stringer 
Bonded Tear Strap 
(w=0.8") 

(Bonded & Riveted) 
t_„ Crack > 

-l   i 
TS 

ST 

! l2a'E 
Ty;"T--r-TTi;-r 

(12.0) j 

914.4- 
(36.0) 

Detail B-B 

2a = 101.6 
(4.0) 

*« =0-3 SK (0.012) 
tsr=0-6 

Xjtf^K 

8 

SEC A-A 

(0.025) 
tTS=tsp=tD 

=0.6(0.025) 
Butt Splice 
1"*1" L-Stringer 

SP    Bonded & Riveted " 
Detail C-C        Tear Strap (w=0.8n) 

SK: Skin   ST: Stringer   TS: Tear Strap 
* : Driven by the pneumatic riveter. 

SP: Splice Plate    D: Doubler Unit: mm 
(Inch) 
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TABLE 4. SMALL-SCALE FUSELAGE SPECIMENS 

Type 

c-3 

d-1 

e-1 

Configuration 

3-1 TS 

Crack 

(Bonded & Riveted) 
ST 

a 12a nsh) 
EH* if \ %Z— 
=3N 304.8 \*~ 

H (12.0)W 

Detail B-B 

914.4" 
(36.0) 

**< SK 

SEC A-A SP 

Detail C-C 

2a = 101.6 
(4.0) 

SK (0.012) 
tsr =0-8 

(0.032) 

=0.6 
(0.025) 

Butt Splice 
1"*ri_-Stringer 
Bonded & Riveted 
Tear Strap (w=0.8 

Spec. 
No. 

10 
11 

* 
17 
18* 
19* 
20* 
21* 

I 
Field Rivet 

B-B 

"3TTT 
(12.8) 

914.4- 
(36.0) SEC A-A 

Detail C-C 

2a = 101.6 
(4.0) 

1     =0.3 
SK (0.012) 

tsr =0.8 
(0.032) 

* SP = XD 
=0.6(0.025) 

Butt Splice 
1"*1" L-Stringer 
No Tear Strap 

12 

(Bonded & Riveted) 

-i ; 
TS Crack 4 

S   >2ai 
S>   —— 

-*^ 304.8 
3 (12.0) 

I- 
914.4" 
(36.0) SEC A-A 

Detail B-B 

-'IP 
tSK^S^t 

2a = 101.6 
(4.0) 

*« =0'3 
SK (0.012) 

tTS =* ,s>       SP 

SP 

Detail C-C 

=0.6(0.025) 
Butt Splice 
No Stringer 
Bonded & Riveted 
Tear Strap (w=0.8") 

13 

SK: Skin   ST: Stringer   TS: Tear Strap    SP: Splice Plate 
* : Driven by the pneumatic riveter. 

D: Doubler Unit: mm 
(Inch) 
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TABLE 5. TEST RESULTS. 
MATERIAL: 2024-T3, THICKNESS = 0.81 MM (0.032 IN.) 

Specimen 
No. 

Maximum 
Load (N) 

Crack Path                f Remarks 

MV-1 

Px=   0 

Py= 16,700 

Aa=   88.9                     ^J 

e , = -6.5                  £^ j 
( Arrested )                             e i 

C
ra

ck
 p

ro
pa

ga
te

d 
st

ra
ig

ht
 

an
d 

ar
re

st
ed

. 

MV-2 
Px=   0 

Py= 17,300 

Aa= 114.3 

( Penetrated tear strap) 

MV-3 

Px= 17,000 

Py= 15,500 

Aa=   58 

9i  =   31 

6i 

\ 

TS 
CD 

4-> 
en 
CD 
i_ 

ro 
■D 
c 
ro 

■a 

c 

o 
ro 
i_ 
o 

T 

MV-4 
Px=   16,500 

Py=   14,500 

Aa=   21 

9i   = 25 

MV-5 
Px= 17,100 

Py= 16,000 

Aa=   72 

01  =   15 

A a   : Total crack extension (mm). 

0 1   : Initial kinking angle (degrees). 

Klc=60   MPa*m0-5 
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TABLE 6. TEST RESULTS. 
MATERIAL: 2024-T3, THICKNESS = 0.81 MM (0.032 IN.) 

Specimen 
No. 

Maximum 
Load (N) 

Crack Path                f Remarks 

MV-6 

Px=   17,800 

Py= 17,300 

Aa=   120 

6T  = 30 

£\ * 

♦ 

MV-7 

Px=   17,300 

Py= 19,600 

Aa= 154.8 

0i  = 30.8 

# 

MV-8 

Px= 17,200 

Py= 19,200 

Aa= 151.4 

9T  =  23 

C
ra

ck
 p

en
et

ra
te

d 
th

ro
ug

h 
te

a
r 

st
ra

p 
w

hi
ch

 b
ro

ke
n.

 

MV-9 
Px=   18,100 

Py=   19,400 

Aa= 167.4 

GT   = 30 

A a : Total crack extension (mm). 

01 : Initial kinking angle (degrees). 

* : Crack penetrated through tear strap and arrested. 

# : Crack penetrayed through tear strap which remained intact. 

K1c= 69.7 MPa*m°'5 
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TABLE 7. TEST RESULTS. 
MATERIAL: 7075-T6, THICKNESS = 0.81 MM (0.032 IN.) 

Specimen 
No. 

Maximum 
Load (N) 

Crack Path                t Remarks 

7MV-1 

Px=   12,300 

Py= 16,000 

Aa=   160.4 

8,  = 38 fl 
* 

^ 

7MV-2 

Px=   12,000 

Py= 18,200 

Aa= 166.6 

6T  =    35 
# 

7MV-3 

Px= 12,700 

Py= 17,100 

Aa=   172.1 

9T  =   38 

C
ra

ck
 p

en
et

ra
te

d 
th

ro
ug

h 
te

a
r 

st
ra

p 
w

hi
ch

 b
ro

ke
n.

 

7MV-4 
Px=   17,100 

Py=  20,000 

Aa=   181.4 

6,  = 31 

A a   : Total crack extension (mm). 

9     : Initial kinking angle (degrees). 

* : Crack kinked and arrested. 

# : Crack penetrated through tear strap which remained intact. 

K1c=50   MPa*m0-5 
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TABLE 8. TEST RESULTS. 
MATERIAL: 7075-T6, THICKNESS = 0.81 MM (0.032 IN.) 

Specimen 
No. 

Maximum 
Load (N) 

Crack Path                f Remarks 

7MV-5 

Px=   16,100 

Py= 16,700 

Aa = 

01   = 

173.9 

- 
fl 

C
ra

ck
 p

en
et

ra
te

d 
th

ro
ug

h 
te

a
r 

st
ra

p 
an

d 
ar

re
st

ed
. 

SJ 
7MV-6 

Px=   11,300 

Py= 19,100 

Aa = 

01 = 

165.4 

35 

7MV-7 

Px= 12,100 

Py= 17,200 

Aa = 

01  = 

186.3 

37 

A a   : Total crack extension (mm). 

G1   : Initial kinking angle (degrees). 

Klc=60.5MPa*m0-5 
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TABLE 9. COMPARISON OF EXPERIMENTAL AND FEM ANALYSIS. 
MATERIAL: 2024-T3 CRUCIFORM SPECIMEN 

Specimen 
No. 
Max. load Pt. 

Kinking Point & Angle 

Measured Calculated 
Crack Path tL 

Xim=   111.3 

em= 6.5 

x1c= 109.2 

0C  =  5.9 

r0 =  1.49 

MV- 1 

Px=0 

=16,700 N 

127.0 

X1 

101.6 139,7 

342.9 

(mm) 

1-25.4 

101.6 

+a 
1 

Xlm= 50.8 

6m = 32 

xic = 50.8 

9c =33.1 

MV-3 

+b 
2 

xim= 55.9 

em=-32 

xic= 55.9 

6c=-29.3 

=17,000 N 

=15,500 N 

xim=63.2 

em =27.8 

xlc= 63.5 

ec = 34.4 

r0 = 1.12 

+c 
4 

xim=86.8 

em= 16 

xic= 94 

9c = 16.8 

x m : Measured length (mm). x c : Calculated length (mm). 
8m : Measured angle (degrees). 0C : Calculated angle (degrees). 
r0  : Characteristic radial distance (mm) equation 12. 

*   : Crack kinking under mode I. 
When r0 < rc= 1.5 mm, 0C is predicted by equation 13. 

+  : Crack kinking under mixed mode. 
When K| < K,c,   9C is predicted by equation 11. 
a : K| |< 0,  crox > 0       c : K,, < 0,   aox < 0 
b : K, | > 0, OQX > 0 

K| > K|c    Actual K, is probably 20-30% smaller than 
the computed Kj due to unloading (see figure 35 strain gage 3 data). 

157 



TABLE 10. COMPARISON OF EXPERIMENTAL AND FEM ANALYSIS. 
MATERIAL: 2024-T3 CRUCIFORM SPECIMEN 

Specimen 
No. 

+a 
1 

MV-7 

=17,300 N 

Py 
=19,600 N 

MV-9 

=18,100 N 

=19,400 N 

PL 

+c 
4 

+a 
1 

Kinking Point & Angle 

Measured 

xlm= 50.8 

9m = 30.8 

x,m- 
70-4 

6m= 16.7 

x,m- 90-8 

9m = 15.0 

x1m= 113.0 

0m=12.2 

xlm = 50.8 

0m =31 

x1m = 68.6 

9m =11.9 

x1m= 86-6 

em = i3.4 

Calculated 

x1c=50.8 

0c =30.1 

xlc=66.0 

6c = 15.6 

r0 =1.41 

xlc=86.4 

9C = 16.4 

r0 = 1.41 

x1c= 114.3 

0C = 13.7 

xlc=50.8 

0C=31.7 

xlc=66.0 

9C =11.0 
r0=1.46 

x1c=81.3 

0C=11.8 
r0-1.45 

Av 
Crack Path 

Xim : Measured length (mm) 
6 m : Measured angle (degrees) 

xlc: Calculated length (mm) 
Be : Calculated angle (degrees) 

r0  : Characteristic radial distance (mm) equation 12. 
*    : Crack kinking under mode I 

When r0< rc= 1.5 mm . 0c is predicted by equation 13. 

+   : Crack kinking under mixed mode 
When K| < Klc. 0c is predicted by equation 11. 
a: K„  < 0,   aox> 0        c : K„ < 0,   Gox< 0 
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TABLE 11. COMPARISON OF EXPERIMENTAL AND FEM ANALYSIS. 
MATERIAL: 7075-T6 CRUCIFORM SPECIMEN 

Specimen 
No. Pt. 

Kinking Point & Angle 

Measured Calculated 
Crack Path 

Ay 

+a 
1 

xlm= 50.8 

em = 37 

xlc=50.8 

ec =38 

7MV-7 

Xirti= 65.8 

9m = 1l.8 

xlc=66.0 

9c= 13.7 

r0= 1.24 

+c 
3 

xlm=no.8 
6m   =17.5 

xlc= 113.0 

6C =16.2 

xlm: Measured length (mm) xlc : Calculated length (mm) 

6m : Measured angle (degrees) ec : Calculated angle (degrees) 

r0  : Characteristic radial distance (mm) equation 12. 

*   : Crack kinking under mode I 

When r0 < rc= 1.3 mm , 6C is predicted by equation 13. 

+ : Crack kinking under mixed mode 

When K, < Klc, 0C is predicted by equation 11. 

a : K„ < 0, Cox> 0 b : K„ < 0,   cox < 0 
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TABLE 12. TEST RESULTS (TYPE MA) 

Specimen 
No. 

MA-1 

MA-2 

Maximum 
Load (N) 

Px =14,200 

Py =15,400 

Px =15,600 

Py =15,100 

Crack Path tL 
t^yyyyyyyyyyyyw, 

eim=i7 

e1m=24 

61m: Measured initial kinking angle (degrees) 

■■■■i -j 

\ 
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TABLE 13. TEST RESULTS (TYPE MB) 

Specimen 
No. 

MB-2 

Maximum 
Load (N) 

Pv =14,800 

Py =17,500 

Crack Path tL 
V///////////*TTS 

e1m=40 

1 • ' 

• 

N:: 
1 # 1 
• 

• 

MB-3 

Pv =15,500 

Py =16,300 

e1m=43 
9lc=40.8 (with   <50)) 

=28 (without o0x) 

6-|m : Measured initial kinking angle (degrees) 
6ic : Calculated initial kinking angle (degrees) 

* Branched 
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TABLE 14. TEST RESULTS (TYPE MC) 

Specimen 
No. 

MC-2 

MC-4 

Maximum 

Load (N) 
Crack Path t^ 

VSS///SJS///Am rrrZ 

Px =15,200 

Py= 14,800 

Px =14,100 

Py =15,500 

I, 

91V 
■Mllll 

f! 

eim-4i 
9ic=38(with  <?ox) 

=30(without cox ) 

61m = 36 

61m : Measured initial kinking angle (degrees) 
6ic : Calculated initial kinking angle (degrees) 
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TABLE 15. TEST RESULTS (TYPE MC) 

Specimen 
No. 

MC-5 

MC-6 

Maximum 
Load (N) 

Px =20,100 

Py =14,000 

PY =19,300 

Py =14,600 

Crack Path tL 
ryyvv>v>vyv>vj~     ^^ 

elm=45 

©im = 41 

0ic=36(with a0)) 
=29 (without a0)) 

e1m : Measured initial kinking angle (degrees) 
9lc : Calculated initial kinking angle (degrees) 

T—r 
■•' 

e 

■■■■llr Annan 

I#I 

;•: 

I l 

Add rivet 
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TABLE 16. TEST RESULTS (TYPEMD) 

Specimen 
No. 

MD-6 

Maximum 
Load (N) 

Px =14,300 

Py =12,200 

Crack Path tL 
VSJ/J/J/JS*J\rrm-r^ 

elm=0 
elc =0 

J 

MD-7 

Px =14,900 

Py =14,600 

elm=o 
e1c =0 

9 im : Measured initial kinking angle (degrees) 
e ic : Calculated initial kinking angle (degrees) 
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TABLE 17. TEST RESULTS (TYPE MG) 

Specimen 
No. 

MG-5 

Maximum 
Load (N) 

Px= 10,900 

Py=13,300 

Crack Path C 
* Less than 50% 

Mil///////, 
127 

25.4 mm 50% V-Grooved 

I 

I    -•■   | 
i ■ 

Detail 

zzzspzSzz 
;ve"d^TL^-v-( 

Unit: mm 

Grooved 

a = 22.9 
b=10.2 
6,-16 
67= 16 

MG-6 
Px= 11,100 

Py= 12,800 

a = 22.9 
b= 10.2 

6,-25 
62= 16 

6,    : Initial kinking angle (degrees) 

165 



TABLE 18. SUMMARY OF BURSTING PRESSURE 

Specimen 
Number 

Type Configuration 

Stringer    Tear Strap 

Bursting 
Pressure 

(kPa)      (psi) 

Initial 
Kinking Angle 
(degrees) 

1 a-1 No No 
** 

82        11.9 0 

2 a-2 Flat No 130       18.6 12 

3 b-1 Flat No 110        16.0 9 

4 b-1 Flat No 100        14.5 12 

5 b-2 L No NA 30 

6 b-2 L No NA 30 

7 c-1 L Bonded 170       24.7 33 

8 c-2 L B&R* 177        25.7 32 

9 c-2 L B&R* 150       21.8 34 

10 c-3 L B&R* 160        23.2 35 

11 c-3 L B&R* 163        23.6 35 

12 d-1 L No+ 150        21.8 33 

13 e-1 No B&R* 126       18.3 0 

14 b-2 L No 170        24.7 30 

15 b-2 L No 150        21.8 31 

16 b-2 L No 155        22.5 35 

17 c-3 L B&R* 170        24.7 36 

18 c-3 L B&R* 170        24.7 37 

19 c-3 L B&R* 163        23.6 35 

20 c-3 L B&R* 177        25.7 37 

21 c-3 L B&R* 173        25.1 35 

* : Bonded and Riveted 
** : Initial Crack Length a =127 mm (5 in.),   a =102 mm (4 in.) except specimen 1. 
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TABLE 19. SUMMARY OF KT, Kn, AND APPARENT Kra AT THE ONSET OF THE RUPTURE 

Unit:MPa*m0-5 

Type 

b-1 

b-2 

c-3 

e-1 

Configuration 

HMZa 

914.4 ■ 
(36.0) 

Crack ST 

i-....+.....4......+.......f......4,..4,4... 
7F 

314.4 
(36.0) 

Crack ST 

^2 
t 

tTS (Bonded & Riveted) 

i 2a i M 

304.8   I«- 
3 (12.0) R  

Crack Nl£! ■ST 

914.4- 
(36.0) 

t TS (Bonded & Riveted) 

4- L2&J « 
fe  304.8 g*- 
LQ2J01|_ 

14.4 
(36.0) 

Crack A 

KT 

94 

97 

93 

101 

K n 

•12 

■15 

0 

Apparent 

0.7 

0.8 

0.8 
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TABLE 20. SUMMARY OF MEASURED AND COMPUTED CRACK 
KINKING ANGLE 

Type 

b-1 

b-2 

c-3 

e-1 

Configuration 

-»•< Za h^n" 
"■^^*" 

914.4 
(36.0) 

Crack ■ST 

'""<• -t *■ *■•••*•"t-'"*   ■ 

-*n2a 

■914.4 
(36.0) 

Crack ST 

SE 

M   i 2a i 
r   —^™ . 

£ 
tTS (Bonded & Riveted) 

H 304.8 
3(12.0) 

}— r 
914.4. 
(36.0) 

Crack 

^ 
^D •ST 

t TS (Bonded & Riveted) 

-»I  304.8 \*- 
H2.0) 

i 
a 

Crack 4 
H—914.4 

(36.0) 

Kinking Angle (Degrees) 

Mixed-Mode Kinking 

eim= 12.7 

61c =11 (withG0X) 
= 3 (without oox ) 

em : Measured kinking angle (degrees) 
e c   : Computed kinking angle (degrees) 

Mixed-Mode Kinking 

eim = 30 

6ic =31 (withoox) 
= 14 (without cox ) 

Mixed-Mode Kinking 

e1m = 36.7 

6ic =35.8 (withcox) 
= 17 (without oox ) 

Mode-I Kinking 
e2m = 19-6 

e2c   = 17.8 

6im = 0 

6lc =0 
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APPENDIX A 
MIXED-MODE CRACK KINKING CRITERION 

The static circumferential stress, GQQ, derived by setting the crack velocity to 0 in the mixed-mode 
elasto-dynamic equation of Ramulu (84) is 

°66 = 

e 
COS— r 

-rM KJ COS
2

 ---KU sin 9 
V27rrL 2    2   " 

9    3 
+ -SEL(7- COS29) 

(Al) 

7= Kjcos KjjSinQcos— 
l2icrl 2    2   " 2. 

■(1-cos 29) 

The crack kinking angle can be obtained by maximizing the circumferential stress: 

daee _    1 
39      42m- 

13      9 
=—==■—aw— 

V2;zr 2      2 

13      9 
= —T=—cos— 

-42itr 2      2 

3V      29 .  9    3v        9      aj_3(Kn\ . a .  9 
—Krcos —sin K„cos—cos9 + —\ -—- \sin9sin— 

2   1        2      2    2   "      2 2\2 ) 2. 
+ (Joxsin29 

t7|   „ C7.(7,„ a       „        .26 
cos—\ Kj cos—sin—+ Ku cos 9 - Kn sin — 

9 . 9 
—sin— 
2      2 

+ &oxsin29 

Krsin9    „  [     Q   (l-cos9y 
-!——+KJcos9-± '- + G0Xsin29 

= —j^-cos-lKj sin9 + Kn(3cos 9 -1)]+ C7oxsin29 
-42mr 4      2 

(A.2) 
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For the condition of Gee a maximum stress with respect to 8, dOQQ/dQ must vanish. 

1    3-cos-[Kj sin 9 + Ku(3cos 0-1)] = Oox sin26 
-Wer 4      21 

13      9 
-cos— 

42itr4      2\_ 
Kr + 

Kn(3cosd-l)' 

sin 9 

_ 2 <JOX sin 9 cos 9 

sin 9 

1+Zi(3c«e-i\u^ 
Kj V    sin 9 

K^lcose-l^U^ 
K} V    sin 9 

litren 

(~   \ 

sin—cos 9 
2 

sin 9 

KKi J 

sin—cos 9 

sin9 
-1 

K n -. 
Kj     (3 cos 9-1) 

. 9 
v -sin— Kn 2__ 

16  nr-4raox   .9       a      .  Q —--42% —sin—cos 9-sin9 
3 Kj 2 

Kj     {3 cos 9-1) 
9    16 n^Jrc 

2cos ^[2~7t 
Kt 

-cos 9 

(A.3) 

The final result can be given the following transcendental equation: 

K 
. 9 

-sin— 
ii 

Kj     (3cos9-l)_ 

Kj 

„      9    16^2% .      a 2cos Acos9 
2 3 (A.4) 
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APPENDIX B 
SMALL-SCALE FUSELAGE SPECIMEN PREPARATION 

A schematic outlining the specimen preparation sequence is shown in figure B.l. This particular 
sequence is for type c-3 specimen. 

Step 1. Cut the 102 mm (4 inches) through-crack in the middle of the flat sheet (-103), which is 
1168 mm (46 inches) by 914 mm (36 inches). The direction of the crack must be 
consistent with the rolling direction, which is equivalent to an axial crack in the real 
fuselage. 

Step 2. Drill twenty-five 9.5 mm (3/8 inch) holes along both sides of the sheet, which are 
perpendicular to the crack. 

Step 3. Bond two tear straps (-109) and spacers (-105, -107) on the sheet using epoxy bonding 
for type-c specimen. The bonding process is done at room temperature. Tear straps are 
riveted to the skin with 4 mm (5/32 in.) diameter pop-up rivets. 

Step 4. Use 4 mm (5/32 in.) diameter aluminum pop-up rivets to attach the stringer (-111) 
adjacent to the starter crack. 

Step 5. Roll and insert the sheet into the end cap with a 4.8 mm (3/16 in.) rubber gasket (-113). 
The end caps are made of steel and provide an interface between the fixtures and the 
specimen. Then put the inner ring inside the rolled specimen. 

Step 6.   Tighten the specimen to the end cap using 6.4 mm (1/4 in.) diameter bolts. 

Step 7. Butt both ends of the sheet and make a butt joint with inside and outside splice plates 
using 4 mm (5/32 in.) diameter pop-up rivets. 

Step 8. Seal the starter crack with a cork gasket and a thicker layer of silicon rubber sealant to 
the inside of the specimen. 

Step 9.     Seal all interface area with silicon rubber sealant 

Step 10.  Allow about 12 hours for the silicon rubber sealant to dry. 
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Step 1   Cutting Steps 5 and 6 Setting 

rtr-     c"*n 

Precrack 

03(Skin) 

0* 
End Cap 

Step 2 Drilling 

o N 3/8" Dia Hole 

-115 
(Inside Ring) 

1/4" Dia Bolt 

'-101 (Specimen) 
-113 
(Rubber gasket) 

SEC C-C 

Step 3 Bonding 

-107 
(Spacer) 

-105 
(Spacer) 

Step 7 Assembling 

J1 
.TTTTTTTTTT 
+ + + ++■*■■*■ ++ + + + 

IF D-J Tl 
•103(Skin) 

-101 Specimen 

-111 
Step 4 Rivetting           V(stringer) ,^-1 03 

5/32" Dia        V         if    (Skin) 

J~ Pop-Up Rivet ^Oi       ill 

^^T       (Skin)                y 
^"-109                     /-, 

(Tear Strap)             /$ 
77 
pacer) 

SEC A-A                       SEC B -B 

117(lnside Splice Plate) 

"-119(0utside Splice Plate) 

SEC D-D 

FIGURE B-l.   SMALL-SCALE FUSELAGE SPECIMEN PREPARATION 
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APPENDIX C 
MATERIAL PROPERTIES OF 2024-T3 AND 7075-T6 ALLOYS 

Table C-l shows material properties of 2024-T3 and 7075-T6 alloys. 

TABLE C-l. MATERIAL PROPERTIES OF 2024-T3 AND 7075-T6 ALLOYS 

Aluminum 
Alloy Thickness 

Ultimate 
Strength 

Yield 
Strength 

Young Modulas 
Plane Stress 
Fracture Toughness* 

2024-T3 
Clad Sheet 

03 mm 
(0.012") 

427 MPa 
(62ksi) 

324 MPa 
(47ksi) 

72GPa 
(10.5X10 3ksi) 

96MPa*m0S 

(87ksi*in0-5) 

60 MPa*m °'5 

(54ksi*in0^ 
0.8 mm 
(0.032") 

7075-T6 
Clad Sheet 

0.8 mm 
(0.032") 

537MPa 
(78ksi) 

496 MPa 
(72ksi) 

7lGPa 
(10.3X10 3ksi) 

0.5 
SO MPa*m 
(46 ksi*in °^ 

* Ref: MCIC-HB-01R," Damage Tolerant Design Handbook" 
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